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Brew, Kevin W. Ph.D., Purdue University, December 2015. Processing of Thin Film 
Photovoltaics from Chalcogenide Nanoparticles. Major Professor: Rakesh Agrawal. 
 
 
Over the last few decades, it has become evident that current energy production for 
humanity since the industrial revolution has incurred the emission of greenhouse gases 
(GHGs) into the Earth’s atmosphere, resulting in rampant pollution, global warming, 
ocean acidification and other disastrous environmental effects. The continued emission 
GHGs is a direct result of the predominant use of fossil fuels to meet an exponentially 
increasing global energy demand. Development of sustainable energy technologies is a 
global imperative to avoid future catastrophe. Photovoltaics (PV) are an ideal resource 
that allows us to convert our greatest supply of energy, sunlight, directly into our greatest 
source of energy consumption, electricity.  
In the last four decades, PV research for new solar materials and fabrication methods to 
compete with crystalline silicon (c-Si) modules has expanded in an effort to reach 
$1/Watt solar energy. Thin films of chalcogenide semiconductors such as CdTe, 
Cu(In,Ga)(S,Se)2 and Cu2ZnSn(S,Se)4 (CZTSSe) have ideal band gaps for solar 
absorption, require 100 times less material than c-Si, and do not require high levels of 
purity, thus lowering material costs and processing. The lower material cost from earth-





competitor with current PV technologies. Solution based methods, such as roll to roll 
printing of nanoparticle inks, are a more scalable method to deposit the absorber film. 
Once coated, only the selenization sinters sulfide nanoparticles into micron sized grains, 
which are required for high efficiency PV devices. Selenization and sulfurization 
equipment were engineered to study the chalcogenization of CZTS and CZTSe 
nanoparticle films. Due to the volatility of sulfur, liquid assisted sintering does not occur. 
However, abnormal grain growth above 550°C may occur as the kinetics of nanoparticle 
thermolysis become appreciable, thus forming nuclei at the film surface. Recent literature 
has shown the necessity of CuSe nuclei to induce sintering. Sulfurization of CuS doped 
CZTS films sinter, thus expanding these claims beyond the selenide. 
Throughout this work, experiments on the chalcogenization of varying nanoparticle 
materials, film architectures, and processing times, were studied to understand the 
sintering process. One disadvantage of annealing nanoparticle thin films is the formation 
of the carbon rich fine-grain layer due to pyrolysis of oleylamine nanoparticle ligands 
present from hot-injection synthesis. Oleylamine capped CZTS nanoparticles form a 
suitable film morphology that enables the percolation of liquid selenium throughout the 
nanoparticle film, and diffusion of copper to the film surface. Ligand exchange 
procedures with carbon-free diammonium sulfide suppress sintering by altering the 
nanoparticle film morphology with agglomerate formation, resulting in the fabrication of 
porous nanostructures that are more suited for thermoelectric application. Pre-annealing 
ligand exchanged films in air breaks the nanoparticle agglomerates, resulting in a higher 





Beyond diammonium sulfide, the effect of surface ligand on film sintering was 
researched. Hard soft acid base (HSAB) concepts qualitatively explain why soft Lewis 
bases such as Cu2S, Se, (NH4)2S bind strongly to copper and prevent film sintering. In 
contrast, nanoparticles recapped with hard Lewis bases like KOH, NH4OH, and NaNH2 
show more sintering, presumably by allowing copper to react with selenium more readily.  
Thiourea which comprises both soft sulfide and hard amide results in both large and 
small grain sintering. 
As a lower cost alternative to CZTS nanoparticles, Cu2FeSnS4 (CFTS) nanoparticles 
were synthesized via hot injection and fabricated for the first time into a PV device. 
Selenization of hot-injection synthesized tetragonal P4�  CFTS nanoparticles sinter into 
~1-2 µm stannite Cu2FeSn(S,Se)4 (CFTSSe) grains. PV devices demonstrated 
photoconductivity; however, tin loss during annealing produced binary and ternary 
phases that shunted the devices. 
The aim of this work is to develop new solution processing methods and materials to 
lower the cost per watt of chalcogenide solar absorbers. The use of Corning® Willow® 
glass (CWG) enables roll-to-roll printing and provides a unique opportunity for 
processing flexible chalcogenide solar cells. Doping with NaF was demonstrated as a 
viable method to improve device efficiency, reaching a record 6.9% CZTSSe device. 
Thus this work establishes a plethora of solution processing tools towards achieving 






 CHALCOGENIDE PHOTOVOLTAICS AND SOLUTION CHAPTER 1
PROCESSING FOR SUSTAINABLE ENERGY 
 Photovoltaics and the Energy Crisis 1.1
Over 80% of the exponentially increasing world-wide energy demand is met by 
generation from non-renewable fossil fuel energy consumption.1 The current energy 
paradigm has led to record levels of greenhouse gas emissions into the Earth’s 
atmosphere which have had deleterious environmental impacts, such as raising global 
temperatures and increasing ocean acidity.2–4 Thus the development of clean, renewable 
energy technologies is an imperative global challenge requiring low cost sustainable 
energy technology innovation.5 A majority of 40% of all energy consumption in the 
United States is supplied as electricity. However, for every 70 quadrillion BTU per year 
(quad/yr.) delivered, 25 quad/yr. is lost due to electricity related losses. As of 2013, 
electricity generation is comprised of 65% coal and natural gas, 19% nuclear, and 18% 
renewables.1 Constituting a high percentage of fossil fuel results in electricity generating 
38% of all carbon dioxide emissions. A pivotal solution to our energy crises lies in 
renewable generation of electricity. Photovoltaics (PV) are simple devices that can 
convert our greatest energy supply, the sun, directly to electricity with lower emissions. 
The remaining challenge lies in the engineering of low cost PV solutions that can reach 





 Chalcogenides and Solution Processing for Low Cost PV 1.2
Since the advent of chalcogenides as solar materials in 1979, kesterites like Cu2ZnSnS4 
(CZTS) have increasingly gained attention due to a higher Earth abundance of the 
material’s constituent atoms and relatively lower toxicity.6–13 The band gap (Eg) of CZTS 
(1.4 eV) and its selenide, Cu2ZnSnSe4 (CZTSe, Eg = 1.0 eV) lie in the ideal Shockley-
Queisser band gap range for single-junction photovoltaic devices.10,14 More importantly, 
these kesterites have a significantly high light absorption coefficient of >1e4 cm-1, making 
them ideal candidates for absorber materials capable of competing with current second 
generation photovoltaic technologies such as I-IIJ-VI2 chalcopyrite Cu(In,Ga)S2 (CIGS) 
and zinc blende CdTe.15–18 
Along with earth abundant materials, the development of solution based and colloidal 
dispersion processing techniques over vacuum deposition methods has been a widely 
explored method to decreasing manufacturing costs and improving scalability of thin film 
devices.19–21 Through solution deposition of dissolved metal precursors in hydrazine, 
IBM has achieved a record 12.6% efficient CZTSSe solar cell, surpassing the efficiencies 
of CZTSSe devices fabricated by physical vapor deposition.21,22 Hydrazine, though a 
versatile solvent, is explosive and highly toxic, thus creating challenging scale up for its 
use in solar module fabrication. There are alternative methods exist to dissolve metal 
precursors for formation of initial CZTSSe absorber.23–25 However, dissolved metal 
precursor deposition requires very dilute mixtures with spin-coating of several layers and 
subsequent annealing after each layer. Nanoparticle based solar inks offer a more scalable 





In 2009, Guo et al. synthesized CZTS nanoparticles via hot injection with oleylamine 
(OLA) as a solvent and reducing surfactant for solar cell fabrication.27 In 2010, CZTS 
nanoparticle ink films annealed in selenium reached 7.2% PCE.30 The improved 
efficiency owed itself to the adoption of the selenization process which had been 
previously used for various metal stack precursor films and nanocrystal films.31–34 
Annealing in elemental selenium or H2Se converts the sulfide nanoparticle film into a 
layer of large, densely packed selenide grains. Grain boundaries act as recombination 
centers in CZTSSe, which lower the overall device efficiency.35,36 Therefore, coarsening 
of thin film inorganic materials is pivotal in the fabrication of high efficiency thin film 
solar devices.  
One problem still remains for nanoparticle processing - long carbon ligands are used to 
synthesize colloidal inks. Selenization of CZTS and CIGS leaves a c.a. 100 nm fine-grain 
layer (previously termed unsintered-layer37) rich in carbon and selenium above the 
molybdenum back contact. The fine-grain layer shows zero lifetime of quasi-particles 
based on EBIC measurements, thus contributing no efficiency to the final solar device.38 
Carbonaceous residues increase the series resistance of the film.39 Reduction of the fine-
grain layer and removal of carbon is one method of improving solution processed thin 
film chalcogenides. 
Carbon free CZTSSe films were first fabricated by Todorov et al. with IBM in 2010. The 
first devices were produced by sulfurization of the binary chalcogenide precursors, Cu2S, 
ZnSe, and SnSe, in hydrazine. Devices reached 9.6%.40 The carbon-free hydrazine 





sulfurization technique by using elemental sulfur rather than the traditional toxic H2S 
gas.6,41–43 
Through improving nanoparticle composition and selenization conditions, the post-
selenization fine-grain layer was reduced and CZTSSe nanocrystal films surpassed 9.0% 
PCE.28 However, the elimination of this deleterious layer from nanoparticle kesterite 
films has not been accomplished. It has been hypothesized that the fine-grain layer is a 
byproduct of decomposition of the long hydrocarbon ligand, oleylamine.32 Removal of 
the carbonaceous ligand and optimizing selenization conditions could lead to a fully 
coarsened large-grain layer. There are methods to exchange organic capping ligands that 
achieve colloidal stability by steric hindrance with inorganic or metal chalcogenide ionic 
ligands that form a charge double layer.44–47 A wet-chemical method of ligand exchange 
also precludes the use of toxic and explosive hydrazine. Chapter 3 will discuss the current 
progress in using these techniques to produce a carbon free film and the current state of 
selenized carbon free films. 
Improvements in device efficiencies have occurred with the alloying of sulfur and 
selenium, band gap widening by germanium doping, and improvements in processing 
that result in a more uniform composition distribution of cations through the large grain 
absorber layer.20,22,37,48 The current record Cu2ZnSn(S,Se)4 based solar cells have only 
reached 12.6% photo-conversion efficiency.22 These record efficiency kesterite 
photovoltaics continue to suffer from low open circuit voltages (Voc).48 One potential 
limitation may be band gap fluctuation from the alloying of sulfides and selenides.49 
Chapter 2 contains research towards sintering pure CZTS and CZTSe via 





Another explanation for the low Voc is that intermixing of stannite (I4�2m) and kesterite 
(I4� isomorphs), leads to formation of CuZn and ZnCu antisite defects, which cause band 
gap fluctuations.50 By replacing zinc with iron, these intrinsic defects are eliminated. Iron 
is also more earth abundant than zinc and will help reduce the materials cost of the final 
solar absorber.7 Synthesis of Cu2FeSn(S,Se)4 (CFTSSe) has been reported in literature, 
but selenization of CFTS nanoparticles has yet to be explored.51–53 CFTSSe also provides 
a way to study the stannite phase.54,55 Chapter 4 in this contribution is the first attempt in 
fabrication of earth-abundant CFTSSe from selenization of CFTS nanoparticles. 
Controlling the CuZn and ZnCu antisite defects can be done by annealing the quaternary 
film.56 Since annealing provides a route to improving CZTSSe absorbers, the selenization 
of nanocrystals stands to be improved. Chapter 2 in this work detail the various 
chalcogenization studies performed in attempt to better understand what conditions are 
necessary synthesize a densely packed large-grain absorber layer, and which variables 
ultimately control the final absorber film morphology. By affecting film morphology, it is 
hypothesized that the device efficiencies may be improved. 
Where many researchers focus on reducing manufacturing costs of thin film absorbers 
through improving device efficiency, it is often ignored that glass is c.a. 1/3 of 
manufacturing costs, comparable to the absorber material costs.57 Replacing thick glass 
substrates and with thin and flexible glass stands to reduce not only the material cost of 
glass, but the deployment and installation costs comprised in balance of system estimates 
as well.5 Corning Willow® Glass allows for the necessary high temperature 
chalcogenization of the thin film absorber, but retains its advantage of less material, 





In order to reach market parity with current energy technologies, research must take a 
multi-faceted approach to reduce the overall cost photovoltaics. The use of thin film 
absorbers comprised of earth abundant materials, benign solvent solution based 
processing techniques, adoption of thin and flexible substrates and subsequently scalable 
roll-to-roll processing are the vanguard to lowering the manufacturing costs.19  The 
continued research and development of chalcogenization processes and nanoparticle 
films are pivotal in improving the final absorber morphology and solar device efficiency.  
In short, solution processing of earth-abundant Cu2ZnSnS4 (CZTS) thin film 
photovoltaics (PV) is an exemplary method to reach the U. S. Department of Energy goal 
of $1/Watt PV systems, and is the main focus of this work. However, the research 
expounded here, including molybdenum optimization, chalcogenization, nanoparticle 
ligand exchange, and fabrication of nanoparticle inks on flexible substrates benefits other 
absorber materials, especially other chalcogenides like CIGS. 
 Thin Film PV Device Fabrication 1.3
In order to evaluate photo-conversion efficiency of chalcogenide devices discussed in this 
paper, photovoltaic cells with a Soda-lime glass/Molybdenum/chalcogenide nanoparticle 
film/CdS/ZnO/ITO/Al-Ni grid structure were fabricated. First, an 800 nm thick 
molybdenum back contact was deposited on soda-lime glass (SLG) substrates by DC 
magnetron sputtering molybdenum with 5 mtorr of argon and 95.5 W/in2 power density. 
The coated substrates were then coated with a chalcogenide nanoparticle film. The 
devices were then annealed in either a sulfur or selenium atmosphere. After the 
chalcogenization of the nanoparticle films, a reaction of cadmium sulfate (CdSO4, 





was used chemical bath deposit a 50 nm CdS emitter, completing the p-n junction. A 
transparent 50 nm ZnO layer to reduce shunting and a transparent conductive oxide layer 
(TCO) of 150 nm tin doped indium oxide (ITO) were deposited via RF magnetron 
sputtering (sheet resistance ~ 20 Ω/⧠). The device was completed with electron beam 
deposition of 100 nm Ni- 3500 nm Al grids. Each device is scribed into 6 solar cells for 
measuring average electrical characteristics. 
 PV Device Model and Electrical Characterization 1.4
Thin film PV devices do not follow ideal diode behavior. Traditionally, the model shown 
in Figure 1.1 is used. The addition of series resistance, RS, accounts for elecrity lost by 
current traveling across emitter (CdS/ZnO/ITO layers) and the base (CZTSSe absorber) 
in the device. It also accounts for current loss due to contact as well as any ohmic 
resistances induced by formation of molybdenum selenide, as will be discussed in 
Chapter 2. Shunt resistance, RSH, is added to account for power losses incurred by the 
presence of defects in the stack that allow for recombination of carriers. From the parallel 
circuitry, shunt resistance is prevalent at low currents.  
 
Figure 1.1 PV diode electrical circuit diagram 
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Temperature, T, elementary charge, q, and the Boltzmann constant, k, are the physical 
constants for an operating diode. The current, I, is determined as a function of the 
voltage, V,  across the nodes of the device, as illustrated in Figure 1.2. 
 
Figure 1.2 Physical schematic of PV device with independent voltage source and 
ammeter 
 I0 is the dark saturation current – the amount of current leaking from the diode. This 
parameter is a measure recombination within a device, and is typically on the order of 10-
8 A/cm2.58 Lower values denote higher quality materials. 
Ideal PV devices often have a constant light generated current, IL. This allows for the 
superposition priniple where the light generated J-V curve is IL added to the dark J-V 
curve.59 However, the ionic nature of the chalcogenide crystal structures often allow for 
potential fluctuations within the device which lead to exponential absorption edges in the 
form of Urbach tails.60 Also, the necessary intrinsic doping of kesterites via interstitial 
copper vacancies can form deep antisite levels that may contribute to the density of states 





dependent light generated current.64 For highly defective thin film materials, the 
superposition principle is not applicable. 
The ideality factor, n, is a measure of diode quality and relates to what carriers are 
recombining and where they are recombining. For n = 1, recombination is occuring at an 
electronic state in the band via Shockley Read Hall (SRH) recombination or there is 
radiative band to band recombination. In both cases, the recombination of the minority 
carrier (electron in p-type or hole in n-type material) is limited. Ideality factors begin to 
increase to 2 when both carriers are recombining. This may occur for high level injection 
(HLI) where carrier high carrier concentrations (>1018 carriers/cm3) create a Fermi level 
within 3kT of a band edge.65,66 Doping in chalcogenide materials is typically on the order 
of 1015-1017 carriers/cm3 and should not be subject to HLI effects. The second cause of 
n=2 is space-charge region (SCR) limited recombination. Some models designate the 
ideality factor as voltage dependent, assuming that recombination is proportional to the 
SCR width. 
In thermal equilibrium and zero bias, drift and diffusion of carriers is equal and no 
current is drawn from the device. For a diode in forward bias, diffusion of electron 
minority carriers into the p-type quasi-netral region (QNR) and hole minorty carriers into 
the n-type QNR is increased. According to the Poisson equation, the electric field vector, 
𝐸𝐸�⃑ , decreases due to the higher charge density within the SCR on either side of the 
junction: 








 Thus low forward bias, the SCR is slightly decreased, but recombination within the SCR 
occurs, causing n=2. At higher forward biases (>0.4 V), the SCR width is minimized and 
so for a diode with no series resistance, n = 1. 
If carrier densities extend into the SCR, there is a higher probability of recombination. 
This occurs for highly defective materials, such as kesterites, that have prevalent Urbach 
tails. The exponential band edge extending into the SCR is a result of the existance of 
carrier states into the junction. In this work, the ideality factor is determined in far 
forward bias without light – instead of a voltage dependent ideality factor, these thin 
films are assumed to be continually limited by recombination in the space-charge region. 
From J-V data, device efficiency, fill factor, open circuit voltage (Voc) and short circuit 
current (Jsc) are determined.67 The electrical characterization from J-V data provide a 
direct route to compare PV device perfromance between solar cells. 
In addition to traditional J-V characterization, external quantum efficiency (EQE) 
provides a useful tool in characterizing the light response of the solar device. EQE is the 
ratio of charge carriers collected in a solar cell to the number of photons of a given 





 CHALCOGENIZATION AND SINTERING OF KESTERITES CHAPTER 2
High efficiency single junction thin film chalcogenide PV devices require the 
formation micron sintered grains consisting a single crystallographic phase.32,68 The 
initial absorber material may be deposited via physical vapor deposition of 
metallic/binary precursor films, electrodeposition of metallic layers, coating metal-
organic nanoparticle films, or casting solution based precursors. It is the 
annealing/chalcogenization processes that form induce sintering in the absorber layer, 
producing micron sized grains. Although physical vapor deposition methods and 
electrodeposition often start with metallic layers instead of sulfide precursors, the 
chalcogenization results in a sintered layer all the same. Absorber synthesis from 
precursor solutions often includes annealing steps between coated layers, which begins to 
form the final chalcogenide.69 
Annealing in hydrogen sulfide and hydrogen selenide gases have been used by several 
research groups to obtain dense films; however, these gases are highly toxic and require 
special precautions when handling.6,43,70,71 The highest efficiency kesterite devices result 
from the annealing of solution-based films in elemental vapor, rather than the gaseous 
analogs.22,28 This method reduces the process time to from hours to minutes.6,30,41,72,73 





CZTS nanoparticles coarsen from 15-25 nm up to the order of 1 µm under selenium 
atmosphere.30 This selenization process was the first method that successfully produced 
the necessary layer of densely packed large grains for high efficiency PV.30 In-situ energy 
dispersive X-ray diffraction (EDXRD) of CZTS nanoparticle selenization shows that the 
sulfide nanoparticles do not merely physically sinter as originally supposed; they undergo 
a chemical reaction which produce binary moieties such as CuSe which diffuse to the top 
of the film where they incorporate tin to become Cu2SnSe3, which then incorporates zinc 
to form the final sintered CZTSe.74,75 Though selenium is confirmed to break down the 
CZTS nanoparticles during the annealing process, it is still debatable whether it is the 
high process temperatures or the selenium atmosphere that causes the grain growth. 
There are several limitations and caveats to the selenization process. The first being that 
selenium is much less abundant than sulfur and more toxic.7 Selenization of CZTS 
restricts the final absorber to a lower band gap around 1.0 eV, well below the optimal 
band gap of 1.34 eV. Though it is possible to tune the band gap of nanoparticles by 
controlling the sulfur to selenium ratio, it is difficult to control the final absorber 
chalcogenide ratio due to the difference of chalcogen volatility.76 The solid solution of 
sulfide and selenides may also be detrimental to device performance due to anion 
disorder, leading to band gap fluctuations, as exhibited in photoluminescence broadening 
for sulfoselenides.77 In order to produce a higher band gap material with a dense large 
grain absorber layer, a sulfurization furnace was constructed with the hypothesis that 
thermal annealing of CZTS in sulfur would also produce the same crystallization. It was 





film necessary for large films. Molecular, binary, and ternary moieties of Cu, Zn, and Sn 
chalcogenides must be used to achieve large grain CZTS and CZTSe. 
Though solution and dispersion based processes are advantageous as they allow for 
scalable roll-to-roll processing on flexible substrates, the required thermal annealing step 
to form large-grains cannot be done in situ and deposition of the transparent conductive 
oxide still require vacuum. 
 Chalcogenization System Design 2.1
Chalcogenization is the most crucial step in CZTSSe and CIGSSe thin film photovoltaic 
fabrication process as it produces the final absorber film to be used in the device stack– 
without the chalcogenization, absorber films will not coarsen and recombination at grain 
boundaries will greatly reduce device efficiency. For nanoparticles, normally annealing at 
temperatures well below their melting points will cause sintering and densification via 
atomic diffusion.78 However, kesterite nanoparticles only show large grain growth under 
elemental chalcogenide vapor. 
 Ideally, a chalcogenization system would allow independent control of sample 
temperature and its ramp rate, the chalcogenide source’s temperature  and subsequent 
vapor pressure, ambient environment composition and pressure (vacuum or inert gas such 
as nitrogen or argon), sample cool-down rate, and post chemical vapor anneal 
environment. The last parameter is fundamentally important – if the chalcogenide source 
cools at the same rate or slower rate than the sample, condensation of chalcogenide on the 
surface of the solar cell. Where water has been proven by Katagiri et al.to remove 
oxygen, sulfur and selenium are presumably not as easily removed and may cause 





from using too much selenium in a close box system.80 The excess selenium condenses 
on the film surface, creating a p+ layer at the junction, decreasing the fill factor by c.a. 
20%. Similar double diode behavior has been observed for sulfur condensation on the 
absorber layer. 
 
Figure 2.1 Double Diode J-V characteristics from Excessive Selenium 
There are two major design types in chalcogenization systems – flow and non-flow. Non-
flow systems include the simplest design where coated samples are sealed with 
chalcogenide pellets and are heated, potentially via rapid thermal processing (RTP), after 
the system is purged of air and the ambient environment is replaced with an inert gas 
such as nitrogen or argon. Flow systems typically use inert argon or nitrogen as a carrier 
gas to transport chalcogenide vapor over the samples. These systems allow for 
decoupling chalcogen source and sample temperatures, providing greater versatility.  
2.1.1 Selenization Furnace Design 
The selenization system used in this contribution is depicted in Figure 2.2. This system 





pellets. As the graphite box heats up in the three-zone furnace, selenium melts at 
220.8°C. The vapor pressure leaves via effusion from cracks in the box assembly as well 
as diffusing down through the porous graphite (as confirmed by observations of partially 
melted selenium spots under the graphite box post five minute selenization). By stopping 
and cooling the process at various times, it was determined that a standard charge of 260 
mg selenium in pellets would be gone between 5-10 minutes at peak temperature of 
selenization. When the process is complete and the furnace is opened to let cool, a faint 
brown cloud of selenium vapor remains, but is quickly dissipated by flowing of 10 sccm 
argon within approximately three minutes. It is assumed that since the solid selenium is 
fully dissipated after 10 minutes, the vapor pressure in the graphite box is below 
equilibrium. 
 





This method of selenization is the simplest flow system, only providing a single degree of 
freedom in processing. Newer designs of flow systems, such as the rapid thermal 
processing (RTP) chamber discussed in chapter 5, maintain selenium upstream from the 
thin film devices. This provides the ability to independently control the temperature of 
the chalcogenide source from the substrate, allowing one to induce condensation of 
selenium on and within the chalcogenide film. The current tube furnace selenization in a 
closed graphite box also lacks precise control over the heating and cooling rates. Due to 
this restrictive process, the initial amount of selenium must be optimized. Low amounts 
of selenium risk not converting the sulfide enough to selenide – less of the film may 
coarsen and there is potential thermal decomposition of the chalcogenide if there is no 
selenium vapor. Since the selenium vapor and samples are cooled simultaneously, only 
the thermal mass of the substrate maintains the thin film at a higher temperature, thus 
preventing condensation of selenium on the film. If there is too much selenium, there is a 
risk of condensing selenium on the sample. During sample cooling, the ~ 200 sccm argon 
flow over the sample allows for the continued mass transfer of selenium from the 
graphite box without eliminating it completely in the initial cool down, thus preventing 
any potential thermal breakdown and defect formation at the absorber surface. The flow 
also removes the chalcogenide vapor before it begins condensing on the sample. Due to 
these considerations, the initial selenium charge and argon flow rates must be optimized 
in a tube furnace selenization of this kind.  
2.1.2 Selenization Procedure 
In the standard selenization procedure, samples are placed with 260 mg of selenium in a 





out of the box throughout the selenization – preventing condensation at the front of the 
film interface. The box is placed in a quartz tube outside of the furnace. The furnace is 
sealed and purged via cycling vacuum to 16 torr and refill with commercial grade 9.997% 
pure argon. After the third refill, a three way valve vents the slight over pressure to 
atmosphere through an oil bubbler. 10 sccm of argon is allowed to continuously flow 
over the closed graphite box. Once the system reaches the equilibrium set point of 500°C, 
the graphite is pushed into the middle of the furnace and allowed to react for 40 minutes. 
After which the furnace is opened, the heaters are turned off, and the graphite box 
containing samples is allowed to slowly cool under 10 sccm of Ar. During the cooling 
procedure, the reminiscent selenium vapor flows downstream to condense on the quartz 
tube outside of the three-zone furnace heater.  
2.1.3 Sulfurization Furnace Design 
Due to higher vapor pressure of sulfur (about two orders of magnitude as shown in Figure 
2.3) and subsequent fast diffusion from a porous graphite box, the sulfurization furnace 
design was altered to keep the sulfur source and samples separate.81,82 Sulfur is heated 
between 200-400°C upstream in a closed graphite box with an effusion pin-hole while the 
samples are heated between 400-575°C downstream. Argon was used as a carrier gas to 






Figure 2.3 Chalcogen vapor pressure curves 
There are several disadvantages to this dual-zone method - there is a sharp gradient 
across the relatively short (seven inch per zone) furnace and so thermal convection 
affects the sample and source temperatures. There is also the problem that during ramp, 
some sulfur is vaporized outside the furnace and carried downstream to condense on the 
sample. During sample cool-down, the sample must be left in the hot zone while the 
sulfur source cools to prevent condensation on the film surface. Enabling control over the 
direction of argon flow prevents premature exposure of the samples to sulfur during ramp 
up - relatively cool argon flows over the sample, keeping it cool and pushing any 







Figure 2.4 Sulfurization furnace design 
2.1.4 Sulfurization Procedure 
The system is assembled with the sulfur source and the open samples in a graphite boat 
on opposite sides of a tube furnace, 1-2 inches away from the hot zones. The system is 
purged three times by cycling vacuum and argon backfill. The system is left under 10-
100 sccm Ar flow. Typically 50 sccm is used to establish turbulent flow (ReD ≥ 2400). 
The argon direction of flow is set from the samples towards the sulfur cell, thus reducing 
any reverse diffusion of sulfur vapor that may form due to the close distance of the sulfur 
cell to the hot zone. Typically, the first zone is set to 300°C and the second/third zone is 
set between 400-600°C. The furnace is allowed 30 minutes to equilibrate and the internal 





minute. The argon flow is reversed and the samples are inserted between the second and 
third zones. Sulfurization is carried out for 40 minutes. To cool down, the furnace is 
opened, heaters are turned-off, sulfur is removed, and the argon flow is reversed again, in 
quick succession. The film cools down to room temperature over two hours and the 
samples are removed.  
 Optimizing Molybdenum for Chalcogenization 2.2
Since selenization plays a crucial role in sintering nanoparticle films, it must be 
optimized to withstand the harsh selenium environment at 500-600°C. The properties of 
deposited molybdenum films are dependent on the deposition substrate, argon pressure, 
and target purity. Typically, molybdenum is available commercially at 99.95% purity and 
may contain trace metals as well as oxygen and sulfur. Targets containing sulfur have 
been observed to produce molybdenum films that are cloudy and are prone to 
delamination during selenization. Low oxygen content (30 ppm) targets are more 
susceptible to form molybdenum selenide during selenization. Addition of oxygen during 
sputtering is able to mitigate molybdenum diselenide formation. Sputtering pressure, 
which greatly affects molybdenum film morphology, does so by affecting oxygen 
incorporation during deposition. Higher sputtering pressures incorporate more oxygen, 
decreasing the density of the film and creating smaller grains, which result in a lower 
reactivity.83,84  
For kesterite and chalcogenides, soda-lime glass is commonly used as a substrate as it 
contains alkali metals that diffuse into the molybdenum during the deposition and 
enhance sintering and electronic performance of the absorber film with annealing. One 





adhesion with the deposited molybdenum, allowing films to delaminate during the 
selenization process. The tin rich side may be discerned by exposing the clean glass to 
245 nm ultra-violet light, as tin fluoresces. Other substrates may be used, but it is crucial 
that every substrate is sufficiently clean with alcohol and ultrapure water prior to 
deposition. 
The target fabrication method effects grain morphology as shown in Figure 2.5. 
Molybdenum films sputtered in 5 mtorr of 99.999% Ar using targets from the Kurt J. 
Lesker company result in larger grains, which is attributed to higher oxygen content in 
the target. 
 
Figure 2.5 Molybdenum films deposited at 5 mtorr using Kurt Lesker (left) and 
(right). 
Bilayer molybdenum may be sputtered with high pressure (~7-10 mtorr) to promote good 
film adhesion and then low pressure (2-4 mtorr) to provide electrical conductivity.85 
However, in heavily saturated selenium environments, the higher layer will still 
delaminate from the lower layer due to the higher chemical susceptibility to form 





contact electrode during selenization is avoided and with minimal sacrifice of electrical 
conductivity. 
Though 5 mtorr has provided a good baseline for processing devices, fluctuations in the 
oxygen content of sputtering targets may impact final device performance. Thus the 800 
nm molybdenum layer was split to have a small selenization barrier by doping with 
oxygen. After 740 nm of molybdenum, 50 nm of molybdenum is deposited with an 
atmosphere of 99.999% Ar with 2% O2 in Ar in a 95:5 ratio at 5 mtorr. The slight 
oxygenation of the surface was found to decrease the quality of doctor bladed films, and 
so an additional 10 nm of molybdenum is deposited with only Ar to rectify it. 
 Sulfurization of Cu2ZnSnS4 Nanoparticle films 2.3
Quaternary kesterite nanoparticles have only reached high efficiencies through the 
selenization of sulfide nanoparticles.28,30 In inert helium, CZTS grain growth begins at 
330°C.86 Physical sintering of CZTS with heat only increases the grains to upwards of 
100 nm.87 Grain growth of CZTS Based on in situ energy- dispersive X-ray diffraction 
(EDXRD), the formation of CuSe during selenization begins at temperatures near 250°C 
– well below the thermolysis temperature of CZTS.88  It is argued by kinetics, CuSe is 
formed prior to the incorporation of tin and zinc to form the final CZTSe phase.89  
Results of the sulfurization of CZTS nanoparticles has only been recently published.90,91 
The aforementioned sulfurization furnace has several opportunities to control the 
annealing condition of CZTS and CZTSe thin films. The temperature of the samples, the 
temperature of the sulfur source, the time of sulfurization were the primary variables 
considered. To reduce the amount of dependent variables, the sulfurization time was 





occur in the selenization process. With two dependent variables, four sulfurization 
experiments were carried out varying the sulfur source temperature and sample 
temperature. Sample A148_2a was sulfurized with a sulfur source at 300°C and samples 
at an average of 475°C where sample A148_3a had a sulfur source temperature of 230°C 
(though set-point was placed at 125°C, ensuring this to be the lowest temperature 
attainable with thermal convection. The highest temperature anneal was performed on 
CKM B009_16b with sample temperature averaging 570°C and sulfur source near 390°C 
The scanning electron microscopy (SEM) images of post sulfurization films are shown in 
Figure 2.6. At the lower sample temperatures, no grain growth occurred and the film 
would partially crack due to thermal stress. However, at the high sulfurization 
temperature, abnormal grain growth would occur at the surface of the film. It is possible 
that there are two competing reactions. It is known that above 450°C, Cu2ZnSnS4 
nanoparticles will undergo thermolysis. However, when annealing in a sulfur atmosphere, 
the Cu2ZnSnS4 remains stable due to the chemical shift in equilibrium of the thermal 
decomposition reaction, following Le Châtelier’s principle – the decomposition of any 
metal sulfide would produce a higher concentration of sulfur, which is already present in 
excess in this annealing process. It is also well known that higher temperature (>400°C) 
processes of the Cu2ZnSnS4 films will experience tin loss due to the volatilization of tin 
(II) sulfide (SnS) from the film.16 It is reasonable to hypothesize that conducting a 
sulfurization above 550°C would allow the volatilization of tin as the CZTS nanoparticles 
are decomposing and reforming in the sulfur environment. This would leave Cu-Zn-S 
behind, and since this ternary material does not exist, it is expected that the formation of 





diffusion of copper sulfide to the surface would be rapid and coarsening would begin. 
Since CZTS is the dominant phase above 400°C, the grain growth would incorporate zinc 
and tin. This hypothesis of why abnormal grain growth occurs currently contrasts with 
the hypothesis that CZTS is sintering due to the high surface energy of nanoparticles.91  
  
  
Figure 2.6 Sulfurization of CZTS nanoparticle films at [Sulfur temperature|Sample 
temperature] = a) [300°C|475°C] b) [230°C|475°C] c) [280°C|400°C] d) 
[390°C|570°C] 
Sintering is the densification and coarsening of a small grain material solely due to 
thermal energy. If the desired coarsening to micron sized grains was due to thermal 
sintering, sulfurization would suppress the decomposition of CZTS and allow for 
sintering to occur. However, it is apparent from SEM that only abnormal grain growth is 
achieved at very high temperatures. The XRD in Figure 2.7 shows synthesized CZTS 
particles as well as the diffraction pattern for the varying lower temperature 
sulfurizations. As hypothesized, the sulfur flux keeps the Cu2ZnSnS4 particles stable at 









only decreases from 1.1 to 0.8 degrees. The Scherrer equation may be used to estimate 
the size of the ordered crystalline domains: 
𝜏𝜏 = 𝐾𝐾 𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝑠𝑠𝛽𝛽
  
As a first order approximation, the line broadening due to the instrument will be 
assumedly zero and the shape factor, K will be taken as 0.94. The copper Kα source’s 
wavelength, λ is 0.15418 nm. The Bragg angle, θ, for the CZTS 112 is 14.23°. Using the 
Scherrer equation, the average crystalline domain size of the nanoparticles is roughly 9 
nm, where the sulfurized films show increased domain sizes of 12-13 nm. This may be 
due to slight sintering, but it is nowhere near the two fold order of magnitude increase 
expected. Since TEM of synthesized nanoparticles is in the 10-20 nm range, and the 
crystalline domain size is less, the seen increase of crystallite size may also be a result of 
more order being introduced to the nanoparticle grains due to cation diffusion at the 
higher processing temperatures. 
 



















280°C Sulfur, 415°C Sample
230°C Sulfur, 480°C Sample






The Raman spectra for CZTS and the sulfurized films in Figure 2.8 confirm that the 
dominant phase is still kesterite Cu2ZnSnS4 by the peak located at 338 cm-1. The 
apparent decrease in FWHM of this peak is attributed to an increase in crystallinity in the 
CZTS nanoparticles as well. The most apparent difference between the three sulfurized 
samples is the peak at 480 cm-1 which could be attributed to nanoparticles of CuS92 which 
have peaks around 474 cm-1. The shift in the Raman peak is explained by the blue shift 
experienced by nanoparticles.93 
 
Figure 2.8 Raman spectra of CZTS nanoparticles and sulfurized films at varying 
temperatures 
The nanoparticles do not show a CuS phase. It is likely that the nanoparticles still 
decompose because the process is above the thermal stability of CZTS, but with the 
presence of sulfur, only Cu-S moieties remain. At higher sulfurization temperatures, the 





























As of this work, only copper selenide has been shown to induce sintering of CZTS 
nanoparticles, beginning with formation of copper (II) selenide nuclei at the nanoparticle 
film surface which induce grain growth.74,96 In the case of selenizing CZTSe discussed in 
the next section, it has been demonstrated that addition of copper (II) selenide is  required 
to induce sintering of CZTSe during selenization.70 A similar phenomenon occurs when 
copper (II) sulfide is added to CZTS during sulfurization, as shown in Figure 2.9. The 
addition of CuS provides nucleation sites within the film, resulting in sintering. In the 
case of selenizing CZTSe, it was found that copper (I) selenide induced sintering; 
however, coarsening did not proceed as far. Inspection of the Cu-S phase diagram 
provides a plausible explanation – at 500°C, CuS decomposes into sulfur vapor and 
Cu2S.97 Due to the high surface to volume nature of nanoparticles, thermodynamic 
transitions often occur at lower temperatures. Thus CuS nanoparticles likely decompose, 
forming liquid sulfur throughout the film, which then assists in sintering.  
 
Figure 2.9 Sintering of CZTS with addition of CuS during sulfurization 
 Selenization and Sulfurization of Cu2ZnSnSe4 Nanoparticle Films 2.4
Since high temperature annealing of CZTS in sulfur environment kept the CZTS phase 





selenization of CZTSe would also show similar behavior. In a study of the selenization of 
CZTSSe nanoparticles, it was shown that selenization of CZTSe at 500°C produced 
devices with no solar efficiency.98 This is attributed to the fact that the selenized CZTSe 
shows almost no grain growth at 500°C. It is hypothesized that the addition of sulfide to 
CZT(SxSe1-x) allows the material to react with selenium and produce the necessary 
coarsening centers. For now mixed, sulfoselenide particles are outside the scope of this 
contribution. The SEM of selenized CZTSe in Figure 2.10 confirms that the high 
temperature selenization at 600°C of CZTSe nanoparticles produces the same abnormal 
coarsened grains at the surface of the film. The EDS data in Table 2.1 reveals that the 
large grains of CZTSe contain less tin than the bulk area, indicating potential tin loss 
during coarsening of large grains. This finding corroborates the hypothesis that the 
CZTSe film undergoes tin loss which during partial breakdown of the CZTSe 
nanoparticles at the film surface. The Raman spectra for selenized CZTSe at 500°C and 
600°C is shown in Figure 2.11. The increased temperature results in sharper Raman 
peaks, confirming the increased crystallinity of the abnormally sintered grains that the 
CZTSe film surface. 
 





Table 2.1 EDS of selenized CZTSe nanoparticles 
  Cu/(Zn+Sn) Zn/Sn Cat/Ani 
Spectrum 1 (Coarse Grain) 1.04 1.08 1.11 
Spectrum 2 (Fine Grain) 1.02 1.09 1.07 
Spectrum 3 (Area) 0.97 1.03 1.05 
 
 







Figure 2.12 Raman spectra of selenized CZTSe nanoparticle films at varying 
temperatures 
Since the selenization of selenides and the sulfurization of sulfides do not produce 
densely packed grains, but rather just keep the film thermally stable, it was hypothesized 
that the conversion of CZTSe to CZTS under sulfurization could produce the same 
coarsening as observed with selenization of CZTS. The SEM in Figure 2.13 shows that 
no grain growth occurs for the sulfurization process; meanwhile, the Raman in Figure 
2.14 shows conversion to the dominant CZTS phase. 
















Figure 2.13 SEM of sulfurized CZTSe nanoparticle films 
 
Figure 2.14 Raman spectrum of sulfurized CZTSe nanoparticle film 
There are two potential explanations for why coarsening did not occur for sulfurization of 
CZTSe. The kinetics of the sulfurization reaction could be faster than the kinetics of grain 
growth. Also, at 500°C, CuS and Cu2Se are preferred. If sulfur is breaking down CZTSe 
nanoparticles, CuS is most likely formed. One hypothesis is that the copper (I) binary is a 
good coarsening nuclei, whereas copper (II) is not. Other experiments were performed to 
convert selenized films to sulfide and vice versa. None showed any improvement in 













device performance or beneficial improvements to the absorber film morphology. This 
study concludes that sulfurization stands a useful technique in coarsening CZTS and 
CZTSe, but the initial absorber material must be comprised of a ternary/binary mixture, 
metallic layers, or molecular precursors. 
 Proposed Model of CZTS Nanoparticle Sintering 2.5
For selenization of thin films of CZTS nanocrystals stabilized by oleylamine, the 
annealing process constitutes several physical and chemical phenomena that ultimately 
produce fully sintered CZTSSe from thin films. Figure 2.15 shows the initial heating 
profile within the graphite box during the selenization process, which is broken into four 
stages.  
 
Figure 2.15 Initial selenization heating profile 
The first stage is the initial transient ramp to 250°C including the melting of selenium at 
220°C, and formation of a selenium vapor pressure around 1 torr.82 As the selenium 
vapor is formed, the soda-lime glass begins to head up - due to the thermal conduction 
























temperature initially compared to the film. This thermal gradient drives selenium to the 
CZTS film surface where it will condense and form a liquid layer on top of the film. 
Selenium vapor will also penetrate and adsorb on the walls throughout the nanoporous 
films, undergoing capillary condensation of selenium.99 The second stage of CZTSSe 
growth during selenization begins with formation of CuSe phases at 250°C and Cu2Se at 
350°C.74 Nucleation of these copper species occurs through liquid selenium reaction with 
the CZTS nanoparticles with subsequent solute reprecipitation of copper selenide at the 
film surface.100 Coarsening of copper selenide at the film surface is succeeded by the 
third stage where reactive large grain formation of CZTSSe at 350°C begins by 
incorporation of Sn and Zn.74 The fourth stage is the Ostwald ripening of the remaining 
nanoparticles into the large surface grains which continues through the remaining 
annealing at 500°C. This current model depicted in Figure 2.16 includes the process of 
capillary condensation of selenium. 
 





 The resulting film shows a CZTSSe large grain layer with a carbon-selenium rich fine-
grain layer. Mainz et al. have found using in situ EDXRD selenization of CZTS that the 
sintered film morphology is dependent on the heating rate during selenization: A faster 
temperature ramp ensures a lower temperature at the surface of the thin film while 
selenium melts, increasing the condensation of selenium at the film surface and within 
the film’s capillaries. This increases the overall volume selenium in the film, which 
allows for more formation of CuSe, resulting in in a more planar growth.74 For the 
selenization developed and used in this work, selenium percolates through the film and it 
is this liquid phase that dissolves copper and precipitates it at the surface.101 In Chapter 5, 
addition of sodium fluoride is used to increase the formation of a liquid selenium phase.  
In addition to formation of liquid selenium throughout the film, it is necessary to have a 
species that will react to form copper selenide (i.e. CZTSe will remain stable and not 
sinter in the bulk of the film). The formation of copper selenide nuclei at the film surface 
is crucial in achieving large grain planar sintering in kesterites and chalcopyrites.75,96,102 
The formation of Cu-Se is aided by the dissolution of copper from the copper and tin rich 
small particles present in the heterogeneous CZTS thin film coatings.96 In chapter 3, the 
effect of thin film morphology on sintering with regard to the diffusion and reaction of 
selenium will be discussed. 
 Selenization of mixed CZTS and CZTSe Stacks 2.6
As discussed in 2.4, the selenization of CZTSe does not induce planar grain growth, 
where the selenization of CZTS can form densely packed large grains at temperatures 
above 500°C. EDXRD from Mainz et al. shows that at temperatures as low as 250°C, 





centers in kesterite and chalcopyrite films.31 Since the selenization of the sulfide phase 
produces coarsening centers, but the selenization of CZTSe does not lead to appreciable 
coarsening, it was hypothesized that a layer of CZTS with a layer of CZTSe would 
coarsen at the CZTS-CZTSe interface. Figure 2.17 shows the SEM of the absorber stack 
architectures used to test the mixed stack selenization of CZTS and CZTSe layers. 
 
Figure  2.17 Varied absorber layer stack architectures of intermixed CZTS and 
CZTSe 
Cross section SEM images of the as-coated films are shown in Figure 2.18. Figure 2.19 
and Figure 2.20 contain the resulting absorber film from selenization of stack architecture 
A1 - 600 nm CZTS film with 360 nm CZTSe overcoat.  
  

























Even though the top layer is CZTSe which does not coarsen under selenium vapor at 
500°C, large grains still grow at the top of the film. As in a typical selenized CZTS film, 
the fine-grain layer is rich in selenium as well as carbon. The sulfur to selenium ratio is 
c.a. 0.04 throughout the film. The thickness of the fine-grain layer has also increased 
above the 100 nm typical of selenized CZTS which is expected for a film containing 
initially more CZTSe. It is hypothesized that the selenium vapor penetrates the film and 
reacts with the CZTS film at 250°C which induces the formation of CuSe which diffuse 
to the surface of the CZTSe film and begins to form large grain CZTSe. Since the 
thickness of the fine-grain layer is 450 nm, which is near 100 nm larger than the coated 
CZTSe thickness (the same thickness as the standard CZTS fine-grain layer), it is 
possible that the CZTSe does not contribute towards any grain growth, rather, the CZTS 
decomposes upon reaction with selenium, diffuses through the CZTSe, and crystallizes at 
the top of the film. Portions of the film also showed grain growth at the molybdenum 
back contact. Coarsening at the back contact indicates that selenium is reaching the CZTS 
film and reacting faster than the formed nuclei can diffuse to the surface. The thickness of 
the fine-grain layer remains constant, reinforcing the hypothesis that CZTSe does not 
contribute towards grain growth in this film. 
   





Figure 2.19 is the result of selenizing stack architecture A2 - a CZTSe film (c.a. 500 nm) 
with a thin CZTS overcoat. The island like growth is attributed to the thin 200 nm CZTS 
– not enough material that reacts with selenium to produce coarsening nuclei is present 
and so island like growth is exhibited. From the uniform thickness of the fine-grain layer, 
it is also apparent in these films that the CZTSe does not contribute towards formation of 
the larger grains. 
  
Figure 2.20 SEM of selenized stack A2 - CZTS on CZTSe absorber film 
Lastly, the sandwich architecture, A3, was selenized. Figure 2.21 shows again that the 
film coarsens at the top of the film. The 250 nm thickness of the single CZTSe coat 






Figure 2.21 SEM of selenized architecture A3 – CZTS-CZTSe-CZTS sandwich 
These experiments have shown CZTS binaries formed from selenization diffuse quickly 
through nanoporous CZTS and CZTSe to the surface and lead to coarsening and that 
CZTSe contributes little to nothing towards the grain growth. All resulting films show 
uniform sulfur to selenium ratios between coarse and fine grain layers. It is concluded 
that the coarsening nuclei show high mobility in these films and grain growth will always 
occur at the exposed interface of the film. It is hypothesized that the typical carbon and 
selenium rich fine-grain layers can also contain CZTS that was selenized before 
coarsening. Reduction of the fine-grain layer by lowering the selenium charge during 
selenization helps support this hypothesis.28  
 Selenization of CZTS and CZTSe with Thin Copper Layers 2.7
In the previous chapter, it was demonstrated that the coarsening of kesterite nanoparticles 
occurs at the surface of the film if and only if there is CZTS is present. Selenization of 
CZTS nanoparticles provides the necessary CuSe nuclei at the surface of the film to 
induce sintering.70 CuS nanoparticles added to the CZTS ink aid in grain growth of CZTS 





would provide the necessary component to provide sintering. In order to controllably 
produce CuSe nuclei during selenization, 10 nm of copper was deposited via electron 
beam evaporation onto CZTS and CZTSe films. SEM in Figure 2.22 of the 500°C 
selenized Cu doped CZTSe film shows that the 10 nm Cu over-layer results in abnormal 
grain coarsening. The grains produced are round, exhibiting full equilibrium shape. 
Comparison of a standard selenized CZTS and the CZTS with Cu over-layer film shows 
that the addition of CuSe nuclei at the surface increased sintering, increasing grain size 
from 200-300 nm to 1 micron. The film also becomes apparently smoother as the sintered 
grains widen during densification.  
  
  
Figure 2.22 CZTS (left) and CZTSe (right) films with 10 nm of copper over layer, 





With addition of a 10 nm copper layer on top of a CZTS film was able to alter the 
sintering of the film with larger grain coarsening, placing a copper layer on the 
molybdenum back contact was hypothesized to increase grain growth in the fine-grain 
layer. Figure 2.23 shows that the addition of copper at the back contact does not induce 
sintering on the molybdenum. Rather there are patches of the fine-grain layer visible in 
the plain-view SEM. By inducing nucleation of CuSe at the back surface, less copper 
diffuses to the surface and so there is less sintering. 
  
Figure 2.23 CZTS with copper under-layer selenized at 500°C, 40 minutes 
The introduction of thin copper layers to CZTS films has demonstrated an effect on the 
final film morphology. Increased grain size was observed for a 10 nm layer of copper on 
CZTS. Further experiments on varying the metallic layer thickness as well as using tin 
and zinc are proposed to fully explore effects of constituent metal layers on the 
coarsening of sulfide nanoparticles. 
 Increasing Selenium Vapor Pressure During Selenization 2.8
It was mentioned in section 2.1 that the current selenization procedure uses an initial 





only trace selenium vapor within 5-10 minutes from insertion into the tube-furnace. To 
prevent the loss of selenium vapor pressure, ceramic boats were machined from mica to 
hold the selenium pellets, thus preventing percolation of the liquid selenium through the 
porous graphite and ensuring that the vapor pressure was at equilibrium for the full 
duration of the annealing process. The ceramic boat selenizations were carried out on 
films with absorber stacks (a) and (c) from Figure 2.17. The SEM for the initial films is 
shown in Figure 2.19 and Figure 2.21. Comparison of these morphologies with to the 
ceramic boast selenized absorber stacks shown in Figure 2.24 elucidates the effect of 
higher selenium vapor pressure on the sintered absorber film morphologies. In both 
ceramic boat selenized films, the fine-grain layer thickness is increased, the coarsened 
grains are smaller and less developed (smaller dihedral angle and sharper edges), and 
more portions of the fine-grain layer are exposed. The fine-grain layer is contains 
condensed selenium. By using a ceramic boat to prevent seeping of selenium through the 
graphite, the partial pressure selenium within the graphite box is increased. With the 
higher partial pressures, there is a greater amount of capillary condensation of selenium 
within the pores of the CZTS nanoparticle film. Similar increases in the fine-grain layer 
have been observed when films are selenized using pyrolytic graphite, a material which 
prevents the diffusion of selenium.  
As the planar sintering occurs, the selenium is trapped beneath the large grains. In both 
architectures, sintering occurs at the surface of the film as expected. In the CZTS-CZTSe-
CZTS architecture, there are patches of unsintered material seen in from the top of the 
film. With the higher amount of liquid selenium in the film, there is a sufficient driving 





selenizing. CZTS layer at the back contact. These results give credence to the hypothesis 
that for sintering of CZTSe on CZTS stacks, the planar sintering is incorporating the 
CZTSe nanoparticles.   
  
  
Figure 2.24 SEM of CZTS with CZTSe overcoat (top) ceramic selenization and 
CZTS-CZTSe-CZTS stack annealed in ceramic boat contained selenium (bottom) 
 Split Selenization 2.9
Selenization time and selenium vapor pressure are key variables in controlling grain 
growth of CZTSSe.32,103 An experiment was carried out to determine if a film selenized 
for 5 minutes could be re-selenized for 30 minutes to produce the same film morphology 





was selenized for 40 minutes, whereas the remaining two thirds were selenized for 5 
minutes. One of the 5 minute selenization films was re-selenized for another 35 minutes. 
Figure 2.25 shows that a partially selenized film will continue to grow when re-exposed 
to hot selenium. Also, the grain size of the split-selenization was significantly larger than 
the 40 minute selenization film. 
   
Figure 2.25 Split selenization – 5 minute (left) 5+35 minute (middle) 40 minute 
(right) 
The temperature profile within the graphite box (Figure 2.15) shows that after five 
minutes of insertion into the 3-zone furnace, the graphite box will only reach a 
temperature of 450°C which corresponds to an equilibrium selenium vapor pressure of 15 
torr; less than the equilibrium vapor pressure at 500°C which is 45 torr.82,104 The lower 
vapor pressure will alter the penetration of selenium into the film and the formation of 
CuSe nuclei at the film surface. It is reported in literature that a high selenium source 
temperature (and vapor pressure), leads to desired closely-packed grains without facets.32 
This morphology is a result of a lower temperature substrate which begets condensation 
of liquid selenium at the film surface as well as capillary condensation within the 
nanoparticle film. Because CZTSSe does not react in a selenium environment, splitting 





nucleuses, the second portion of the selenization thermally drives the incorporation of 
remaining CZTS nanoparticles into the large CZTSSe grains.  
 Conclusions of Chalcogenization 2.10
The experiments in this chapter have provided several useful methods in tuning the 
resulting selenized film morphology and increased the understanding of the limitation of 
sintering during selenization. Prior to chalcogenization of thin film absorbers, the 
molybdenum back contact must be optimized – sputtering by increasing operating 
pressure or incorporating trace oxygen are viable methods in preventing the formation of 
molybdenum diselenide during selenization. 
Chalcogenide nanoparticle films require the formation of CuSe nuclei to sinter. Any film 
containing some amount of CZTS will undergo sintering in the presence of sintering. 
This is due to the reaction of CZTS with selenium to produce CuSe nuclei at the surface 
of the film. Sulfurization of CZTS and selenization of CZTSe keep the film stable, and 
may produce large abnormal grain growth at temperature above 550°C. This grain growth 
is attributed to the kinetics of nanoparticle decomposition producing tin becoming 
appreciable. As the surface nanoparticles decompose into binary constituents, there 
reverse reaction in chalcogen environment leads to the crystallization of larger domain 
grains. Addition of Cu layers at the surface of the film is shown to improve planar grain 
growth by producing the necessary copper selenide nuclei for coarsening. In contrast, 
addition of a copper layer to the back of the results in partial nucleation of CuSe at the 
back contact molybdenum, resulting in patches of the fine-grain layer becoming visible at 
the surface of the film. It was also observed that altering the selenium vapor pressure 





split selenization experiments) can affect sintering. Splitting of the selenization into a 
short selenization and a longer selenization results in lower initial selenium vapor 
pressure during the first anneal which affects the nucleation of CuSe at the film surface. 
The subsequent anneal provides selenium to stabilize the CZTSSe grains while driving 
thermal sintering. Ceramic boat sintering increases the selenium vapor pressure during 
the selenization process. This increase in selenium results in larger unsintered layers that 
will be detrimental to device performance. It is still questionable whether in mixed stack 
experiments whether the nucleation of CuSe from the selenization of the CZTS 
nanoparticle portion incorporates the CZTSe particles or the remaining zinc and tin 
diffuse through the CZTSe layer to grow large grains. Addition of copper layers to 
CZTSe films show abnormal coarsening, and so it is reasonable to hypothesize that when 
CZTS reacts with selenium, it alone contributes the material towards forming large 
grains. Further experimentation varying layer CZTS and CZTSe thickness is required to 
definitively answer this question.  
As for annealing under a sulfur environment, CZTS nanoparticles and CZTSe 
nanoparticles do not undergo sintering. This is a result of no liquid phase being formed 
during sulfurization, and as a result, no copper nuclei are formed. Addition of CuS in 
CZTS demonstrates the necessity of copper nuclei when sintering chalcogenide 





 LIGAND EXCHANGE SOLUTION PROCESSING OF CHAPTER 3
CHALCOGENIDE NANOPARTICLES 
 Introduction to Nanoparticle Ligand Exchange and Pyrolysis of Oleylamine 3.1
As discussed in chapter 1, hot-injection synthesis is an ideal method for the synthesis of 
nanoparticles. It enables control of size, shape, phase and composition of nanoparticles 
through the use of aliphatic surfactants, such as oleylamine (OLA), dodecanethiol, or 
trioctylphosphine (TOP).105–108 The synthesized nanoparticles are washed of excess 
surfactant and formulated into colloidal inks with non-polar solvents (such as 
hexanethiol). The remaining aliphatic surfactants are chemisorbed as ligands to the 
nanoparticle surface, providing colloidal stability with steric hindrance ink.106,109,110 After 
formulation, the inks are coated by either scalable roll-to-roll inkjet printing or doctor-
blade coating.28,111  
Thin films are dried between application of coatings with a cure step which removes 
excess dispersant and fixates the nanoparticle film to the substrate. For CZTS and CIGS, 
it has been found that the temperature and environment in which films are cured can 
affect sintering and absorber film morphology. Curing in air at 300°C results in sintered 
films with a fine-grain layer at the back-contact, where curing in vacuum or at lower 
temperatures results in formation of a tri-layer structure with a fine-grain layer 
sandwiched between two sintered layers.38 Cross-section EDS of selenized chalcogenide 





selenium within the film. Hypothetically, the curing step can alter interparticle structure, 
thus affecting the penetration of selenium into the chalcogenide film. Thermogravimetric 
differential scanning calorimetric (TG-DSC) data of CZTS in air (Figure 3.25) shows the 
first metallurgical roasting temperature of CZTS occurring at 300°C, which occurs during 
the desorption of oleylamine (Figure 3.5). By curing in air, the nanoparticles at the back 
contact molybdenum are oxidized, along with the molybdenum. This oxidation prevents 
the detrimental reactions that produce binary nuclei at the electrode, inducing back layer 
sintering as well as preventing the formation of molybdenum selenide.112  
 After the films are coated, they are annealed in selenium. When selenized, chalcogenide 
CZTS nanoparticles capped with OLA ligands (CZTS-OLA) undergo a reactive sintering 
that is assisted by liquid selenium. Currently, it is posited that selenization begins by 
selenium diffusing through the chalcogenide film, partially dissolving copper at the 
nanoparticle surface. The dissolved copper is precipitated at the chalcogenide film 
surface, forming CuSe seeds which react with the remaining CZTS to coarsen. Lastly, the 
large surface grains undergo planar growth forming sintered CZTSSe grains as tin and 
zinc are incorporated.75,96,102  
This current model of sintering ignores the role of oleylamine and carbon in the film. 
Before sintering, oleylamine undergoes pyrolysis, leaving a carbonaceous residue on the 
remaining grain boundaries, which can limit mass transfer and necking between particles, 
thus reducing physical sintering.32,113–115 After sintering occurs, the resulting absorber 
film contains a carbon-rich, non-photo active fine-grain layer at the back contact. Thin 





thin film devices; however, larger thicknesses of the fine-grain layer can add series 
resistance and reduce solar cell performance.116 
Ligand exchange is a facile solution processing method for removing aliphatic ligands, 
thus reducing the carbonaceous residue within the absorber film after annealing. 
Surfactants on the nanoparticle surfaces are replaced with ionic species that induce 
colloidal stability by forming a charge double layer around each nanoparticle.117 Ligand 
exchange methods using metal chalcogenide complexes45,47,118,119, inorganic ligands44, 
and polar organics120,121 have been demonstrated in literature. Complete ligand exchange 
of nanoparticles requires phase transfer – when removing aliphatic ligands to recap with 
ionic species, the exchanged nanoparticles only disperse in polar solvents such as 
dimethyl formamide (DMF) or water. Diammonium sulfide (DAS), a carbon/metal free 
ligand, has been reported to exchange oleylamine with sulfide anions. Reports in 
literature have explored the effect of these recapped CZTS nanoparticles with sintering 
under inert conditions, with minimal success.44,87 A modified hot-injection synthesis of 
CZTS nanoparticles that directly stabilizes with sulfide anions has recently been 
reported.122 The advent of hot-injection synthesis of carbon free nanoparticles that are 
electrostatically stabilized requires research and development of sintering methodology 
for thin films of these materials. 
The sintering during selenization of sulfide capped CZTS-DAS films and solar device 
fabrication is not well understood. Nanoparticle film morphology and the chemical nature 
of ligands have a large effect on sintering.123,124  The focus of this chapter aims to 
characterize the ligand exchange of CZTS with DAS, develop methods to improve 





during selenization, in a movement to improve the fabrication of “carbon-free” solar 
devices.   
 Characterization of Ligand Exchange Films and Nanoparticles 3.2
The extent of ligand exchanged was characterized by FT-IR absorption spectroscopy 
using a Nicolet Nexus 670 fitted with a deuterated triglycine sulfate (DTGS) KBr 
detector. The IR samples were prepared by evaporating 10-20 µL of CZTS-DAS in DMF 
ink on a 9mm NaCl window in an inert glovebox environment. Raman spectra were 
measured using a Thermo Scientific DXRTM Raman Microscope with 10x objective lens 
and a 633 nm laser. Grazing incidence X-ray diffraction (GIXRD) was measured on thin 
films using a Rigaku SmartLab® Diffractometer in parallel-beam mode at 0.5° incidence 
with a Cu K-alpha source. 
Images of the exchanged films were acquired with an FEI Quanta 3D FEG Dual-beam 
scanning electron microscope. Images were typically acquired with 7.0 kV accelerating 
voltage, 4-7 mm working distance, spot size 4.0, and 20 µm aperture. Atomic force 
microscopy (AFM) was performed with a Bruker AFM Nanoscope using 
PeakForceQNM Tapping® mode to measure the relative surface features of CZTS 
nanoparticle films. 
Thermogravimetric differential scanning calorimetry (TG-DSC) was performed with a 
TA Instruments SDT Q600. Flowrates were controlled to 100 sccm of either air or helium 
with a heating rate of 10°C/min. 
 Experimental Procedure for Nanoparticle Ligand Exchange 3.3
CZTS-OLA nanoparticles may be exchanged in a variety of ligand pending their desired 





dot nanoparticle surfaces for selective passivation and self-assembly.125 Nag et al have 
developed several inorganic ligands to improve charge transport for solution processed 
electronic devices.44 Kovalenko et al have developed metal chalcogenide complexes to 
also tune the electrical properties of nanoparticles.45,47 Carrete et al have shown that 
recapping CZTS nanocrystals with antimony (III) chloride can improve thin film 
sintering and remove carbon.126 
In this work, initial focus was on the removal of carbon species from nanoparticles via 
ligand exchange. New chalcogenide complexes (CuS, Se) as well as well as inorganic 
materials (thiourea, KOH, NaNH2, H2S, and NH4OH) are developed and utilized to recap 
CZTS nanoparticles in order to study a ligands effect on sintering. Ligand exchange 
provides many solution processing benefits, such as the ability to spray coat films with 
benign water and the ability dope absorber films directly with beneficial sodium and 
potassium.  
Though ligand exchange is currently being explored for photovoltaic application, this 
technique has several applications for providing carbon free nanomaterials with improved 
electrical properties.127 Other fields such as batteries or thermoelectrics will benefit from 
the versatility of solution processing expanded by ligand exchange. 
3.3.1 Ligand Exchange with Ionic Capping Solutions 
Recapping solution may be formulated by adding aqueous solutions directly to amides or 
by dissolving inorganic salts into deionized water and then diluting into amides. Ligand 
exchange with only an aqueous diammonium sulfide solution and no amide is shown in 





discussing the chemistry of ligand exchange, yet it demonstrates the necessity of the 
amide component. 
Since it is the amide that is reactive, salts which react violently with water, but still are 
soluble directly into an amide, may be used for ligand exchange. A key aspect of ligand 
exchange is the formation of two immiscible (polar and non-polar) phases to drive a 
physical phase transfer with the colloid being recapped. Choice of amide for the polar 
phase, determines the non-polar solvent. In this work, recapping with a formamide (FA, 
Sigma-Aldrich, ≥ 99.5%) based solution required the use of toluene to initially disperse 
CZTS-OLA. For use of n-methyl formamide (NMF, Sigma-Aldrich, 99%), hexane is 
chosen. In some cases, such as Li2S recapping of selenium nanoparticles, NMF and FA 
with the sulfide salt cause dissolution of the nanoparticle. Thus use of N,N-
dimethylformamide (DMF, Sigma-Aldrich, anhydrous 99.8%) is necessary and hexane is 
chosen as the immiscible non-polar solvent used. For salts that react with water, such as 
NaNH2, dilute solutions directly in amide may be used.  
3.3.1.1 Recapping with Diammonium Sulfide 
In this work, ligand exchange of CZTS-OLA nanoparticles with aqueous diammonium 
sulfide (DAS, Sigma-Aldrich, 40-48 wt%) was predominately studied. First, CZTS-OLA 
nanoparticles were dispersed in hexane to a concentration of 20 mg/mL. Separately, an 
equal volume of immiscible NMF is combined with 50 µL/mL NMF of DAS solution. 
The solutions were added together in an inert glovebox environment, sealed, and 
sonicated for 30 minutes. Figure 3.1 shows the before and after ligand exchange for 






Figure 3.1 Before (left) and after (right) of CZTS nanoparticles undergoing ligand 
exchange with DAS. Middle image is ligand exchange without amide. 
Once the suspension was fully exchanged, the diphase mixture was returned to an inert 
glovebox environment, and denser polar CZTS-DAS phase was pipetted into a weighed 
Teflon centrifuge tube (CFT). Care was taken to not draw any intermediate phase by only 
drawing an aliquot equal to the initial volume of NMF. An equal volume of hexane was 
added to the CZTS-DAS in NMF and sonicated for 30 minutes. A polar anti-solvent, such 
as acetone (in which OLA is soluble), was added to the remaining CFT volume and the 
mixture was centrifuged for 5 minutes at 14,000 rpm. The supernatant was decanted and 
the precipitate of CZTS-DAS was redispersed with ~1-2 mL of NMF and a repeated 
acetone wash was performed. This washing step was repeated for a third time and the 
remaining cake of CZTS-DAS was dried with nitrogen while maintaining no air 
exposure. Once the particles were dry, the CZTS-DAS was dispersed in DMF to a 
concentration of 250 mg/mL, and stored in an inert environment.  
Maintenance of an air-free environment is pertinent as exposure of CZTS-DAS 
nanoparticle inks to air induces flocculation over a time scale of ~24 hours. Retreatment 
of flocculated CZTS with 10 µL of DAS will recap the nanoparticles which may be 





3.3.1.2 Recapping with Copper (II) Chloride 
When exchanging with CuCl2 in FA, it was found tin was selectively etched from the 
CZTS nanoparticles, resulting in an average EDS composition of Cu/Sn and Zn/Sn ratio 
of 1.53 and 0.84 respectively. First, CZTS-OLA nanoparticles were dispersed in toluene 
to a concentration of 10 mg/mL. Separately, a stock solution of 0.1 M CuCl2 in FA was 
made. Initially, an equal volume of dispersed CZTS-OLA and stock CuCl2 solution was 
used for exchange. This concentration was found to be excessive as it surpassed the 
critical concentration and began inducing agglomeration of particles.  For ligand 
exchange, a target concentration of 0.01 M capping agent in total solvent is ideal. 
Adjustment of CuCl2 concentration may potentially mitigate tin loss during ligand 
exchange. 
Acetone was added to the mixture, which after centrifugation yielded a green supernatant 
(excess CuCl2) which was discarded. The particles were redispersed in ~1-2 mL of FA 
and washed and dried following the CZTS-DAS recapping procedure in section 3.3.1.1. 
After drying, the particles were dispersed to a concentration of 200 mg/mL for device 
fabrication. 
3.3.1.3 Recapping with Potassium Hydroxide 
In an inert glovebox environment, a stock 12.7 wt% solution of potassium hydroxide 
(KOH, Sigma-Aldrich, 99.99% trace metals basis) was prepared. Separately, CZTS-OLA 
was dispersed in hexane to a concentration of 20 mg/mL. An equal volume of NMF was 
added to the hexane with 70 µL of the KOH stock solution. The diphase mixture was 
sonicated for 30 minutes to ensure complete exchange. The polar phase was washed three 





centrifuged. The supernatant was decanted and the CZTS-KOH was dried under nitrogen 
before dispersing with DMF.  
3.3.1.4 Recapping with Ammonium Hydroxide 
Aqueous ammonium hydroxide is a close base analogue to DAS, replacing sulfur with 
oxygen. Initially, CZTS-OLA was dispersed in hexane to a concentration of 20 mg/mL. 
Initially, an equal volume of NMF was added with 10 µL of aqueous ammonium 
hydroxide (NH4OH, J.T. Baker, 28-30 wt%). Initially, 60 µL of aqueous ammonium 
hydroxide per 1 mL of NMF was shown to achieve ligand exchange; however, this 
concentration passes a critical point at which the nanoparticles flocculate in the polar 
phase. Over time, high concentrations of NH4OH during ligand exchange will begin to 
dissolve CZTS nanoparticles, as shown in Figure 3.2. 
 
Figure 3.2 Dissolution of CZTS-OLA nanoparticles due to high concentrations of 
NH4OH in ligand exchange 
 The diphase mixture was sonicated for 60 minutes. The polar CZTS-NH4OH in NMF 
was washed three times with 60 minute sonication in hexane. After washing, methanol 
was added to the polar phase to precipitate the CZTS nanoparticles with centrifugation. 





3.3.1.5 Recapping with Thiourea 
Thiourea is a resonant molecule that contains both hard base amides and soft base 
sulfides. A 1.5 M stock solution of thiourea (Sigma-Aldrich, ≥99.0%) in water was 
prepared. CZTS nanoparticles were dispersed in hexane to a concentration of 10 mg/mL. 
An equal volume of NMF was added in addition with 10 µL of thiourea stock solution 
per 1 mL of NMF. The mixture was sonicated for 30 minutes, the polar phase was 
pipetted into a weighed CFT, antisolvent acetone was added, and the CFT was 
centrifuged to precipitate the particles. After the supernatant was decanted, the CZTS-
thiourea floc was redispersed in NMF and washed with acetone. After washing with 
acetone a third time, the CZTS-thiourea floc was dispersed in DMF to a concentration of 
250 mg/mL and coated. It was observed that coatings were dark grey with a matte finish. 
3.3.2 Ligand Exchange with Chalcogenide Complexes  
Amine-thiol solvent systems dissolve chalcogenides and metal chalcogenides forming 
inorganic-organic complexes that may be diluted in polar solvent and used as a recapping 
agent.23,25,69,128 The metal chalcogenide complexes are necessary to avoid the use of toxic 
and explosive hydrazine for dissolution. In this work, copper (II) sulfide (CuS, Sigma-
Aldrich, 99.99% trace metals basis) and selenium (Sigma-Aldrich, 99.99%) were 
complexed for use in ligand exchange. The procedures discussed here may be utilized for 
other materials systems. Though the initial goal of this research was to remove carbon, it 
is paramount that the use of hydrazine be avoided as well. Thus short chain amine-thiols 





3.3.2.1 Recapping with copper (II) sulfide 
While in an inert glovebox environment, a 5 mL stock solution of CuS was prepared by 
dissolving the CuS in a 4:1 volume mixture of butylamine (BA, Sigma-Aldrich, 99.5%) 
and 1,2-ethanedithiol (EDT, Fluka, ≥ 98.0%). Separately, CZTS-OLA (~100 mg) 
nanoparticles were dispersed in toluene to a concentration of 10 mg/mL. An equal 
volume of FA was added to the non-polar dispersion. 50 µL of CuS solution per 1 mL of 
FA was pipetted into the polar phase and the mixture was sonicated for 30 minutes. It is 
noted that more CuS solution may be added if the non-polar phase remains dark after 
settling. Also, if the toluene solution is clear and there is flocculation in the formamide 
phase, too much capping agent has been added and so washing with acetone can remove 
this excess. Dithiol is preferred as it is immiscible with formamide and will remain in the 
non-polar phase. After the full phase transfer of the nanoparticles, the polar phase was 
pipetted into a weighed centrifuge tube and the dispersion was washed by 30 minute 
sonication with toluene. Acetone was added as an anti-solvent to induce precipitation of 
CZTS-CuS-FA nanoparticles during centrifugation. The particles were washed 2 more 
times with ~1-2 mL of FA and acetone, and dried with nitrogen. The CZTS-CuS-FA 
nanoparticles were formulated in an ink with DMF to a concentration of 250 mg/mL. 
3.3.2.2 Recapping with Selenium 
Selenium ligand exchange was performed by modifying the recapping procedure used by 
Buckley et al.128 a 40:1 by volume solution of ethylene diamine (en, Sigma-Aldrich, ≥ 
99%) and 2-mercaptoethanol (ME, Sigma-Aldrich, ≥ 99%) were used to dissolve 
selenium into a 0.3 M solution. Separately, CZTS-OLA is dispersed in toluene to a 





the CFT with an additional half volume aliquot of the dissolved selenium solution. The 
mixture was sonicated for 30 minutes. The polar phase was pipetted into a weighed 
centrifuge tube and washed with an equal volume of toluene with 30 minutes of addition 
sonication. Acetone was added (~10 mL) to the CFT and the mixture was vortexed and 
centrifuged for 1 minute at 10,000 rpm. The yellow supernatant containing excess 
selenium was decanted and 1.9 mL of NMF was added to the nanoparticle floc. After 
dispersing the nanoparticles in NMF, washing with acetone was repeated twice and the 
nanoparticles were dried with nitrogen. The nanoparticle ink was formulated by 
dispersing the dry CZTS-Se-en-ME nanoparticles in DMF to a concentration of 250 
mg/mL.  
3.3.3 Ligand Exchange with H2S Bubbling 
As previously mentioned, FTIR data indicates the potential reaction of NMF with DAS 
during ligand exchange. In order to see the effect of sulfide on synthesized nanoparticles, 
CZTS-OLA nanoparticle were exchanged into NMF with dilute hydrogen disulfide gas in 
argon (H2S, Airgas, 0.97 mol%). CZTS-OLA nanoparticles were dispersed in hexane to a 
concentration of 20 mg/mL in a 3-neck flask fitted with a rubber septum and a condenser. 
The condenser was fitted with a valve which attached to a Schlenk line. An equal volume 
of NMF was added to the flask which was then sealed. A gas injection needle was 
inserted through the septum and H2S gas was bubbled at 40 sccm through NMF for 45 
minutes at room temperature while stirring. The polar phase was removed and sonicated 
with hexane for 60 minutes twice. Antisolvent was added to precipitate the CZTS-H2S 
nanoparticles which were then dried in nitrogen. The particles were formulated into a 





 Effect of DAS Ligand Exchange on CZTS Nanoparticles 3.4
CZTS nanoparticles were synthesized by the hot-injection method utilized by Miskin et 
al.28 The oleylamine ligand was exchanged for diammonium sulfide following a modified 
procedure by Nag et al.44 Ligand exchange with diammonium sulfide removes the 
oleylamine ligands to reduce the primary source of carbon throughout the film. The 
removal of oleylamine is confirmed by the elimination of the aliphatic C-H stretch 
absorption peaks at 2920 cm-1 and 2850 cm-1, shown in the FTIR data in Figure 3.3. 
Ligand exchanged nanoparticles may contain C-H stretches and carbonyl stretches at 
1710 cm-1 which are attributed to residual DMF and potentially the NMF used with DAS 
to perform the ligand exchange. The broad strong peak at 1134 cm-1 is attributed to a C=S 
stretch that may result from reaction of NMF with DAS. DAS has been reported in 
literature as a suitable replacement for hydrogen disulfide in the conversion of amides to 
thioamides, and thus must be considered.129 Use of aqueous DAS without an amide was 
unable to exchange CZTS-OLA nanoparticles, and so it is posited that the amide is either 
part of the electronic structure stabilizing the nanoparticles or the amide assists the 
chemical bond breaking of oleylamine from the nanoparticle surface. Current literature 
states that the DAS recapped nanoparticles form a charged double layer through 
adsorption of the sulfide anion, countered by ammonium, insufficient research has been 






Figure 3.3 FTIR of CZTS-OLA and CZTS-DAS 
Ligand exchange of CZTS includes several washing steps which results in the loss of the 
smallest particles from each batch. As zinc is the last to incorporate during CZTS hot 
injection synthesis, smaller CZTS nanoparticles contain a higher concentration of tin and 
copper comparatively to the largest particles.96 Assuming that the thermal properties of 
the CZTS nanoparticles are relatively independent of the attached ligand, the CZTS 
Raman spectra in Figure 3.4 show a loss of small particles through a blue shift of the 
CZTS A mode at 338 cm-1. Raman broadening and intensity shifts due to phonon 
confinement have been reported for nanomaterials.93,130  
The CZTS-OLA sample shows a peak at 355 cm-1; however, data acquisition at the 633 
nm wavelength precludes the possibility of identifying wide bandgap ZnS and SnS 





peak at the 366cm-1 and 374 cm-1 peaks along with a decreasing Raman shift around 290 
cm-1. CZTS has 278.0 and 290.3 E(TO) and E(LO) respectively overlapping with the 
281.7 cm-1 A mode.131 Kesterite CZTS B(LO) and E(LO) also have transitions at 373.6 
cm-1 and 365.3 respectively. The DAS ligand exchange reduces the B and E mode optical 
transitions.  For stoichiometric single crystalline CZTS, the B(TO), B(LO), E(TO), and 
E(LO) are undetected: Raman peaks above 360 cm-1 are not yet explained.131 However, 
CZTS nanocrystals show composition heterogeneity throughout the particle.132 Off-
stoichiometry polycrystalline CZTS show these E/B Raman modes due to the intrinsic 
Cu-Zn disorder in the crystalline lattice.133–135 The broad peak around 355 cm-1 can 
be assigned to the CZTS B(TO) based on the (110) plane in 514.5 nm polarized 
Raman.131 This family of planes includes the 220 planes. Though the Raman shifts occur 
with changing Zn/Sn ratio from the ligand exchange procedure, the atomic ratios shown 
by the EDS in Table  
3.1 are not great enough to alter the Raman intensities.136  
 





However, EDS data in Table 3.1 does show indicate increasing Zn/Sn and Cu/(Zn+Sn) 
atomic ratios after DAS ligand exchange, revealing tin loss from the CZTS particles. As 
previously mentioned, the smallest CZTS particles contain a higher tin concentration. 
Although loss of the smallest CZTS particles can impact the morphology of a selenized 
CZTS film, it will not prevent large grain sintering of CZTS-OLA during selenization.96 
Table 3.1 Stoichiometry of CZTS with OLA and DAS 
Film 
Composition 






CZTS-OLA 0.79 ±0.02 1.088 ± 0.020 0.973 ±0.021 
CZTS-DAS 0.81 ± 0.02 1.124 ± 0.014 0.998 ± 0.009 
 
The crystalline domain, d, can be deducted according to Scherrer equation: 
𝜏𝜏 = 𝐾𝐾 𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝑠𝑠𝛽𝛽
  
The shape factor K = 0.94, λ =0.1542 nm for Cu Kα radiation, instrument broadening is  
Application of the Scherer equation to the GIXRD data summarized in Table 3.2 shows 
that the ligand exchange reduces the ~10.7 nm domain size of CZTS-OLA to ~8.4 nm for 
CZTS-DAS. Though the ligand exchange should only alter the surface of nanoparticles, 
there may be some preferential etching during the exchange procedure. The calculated 
intensity ratio of the 112 plans relative to the 220/204 planes increases for ligand 
exchanged particles. Assuming a polydispersed coating of nanoparticles, this may 





Table 3.2 CZTS-DAS and CZTS-OLA GIXRD 112 Peak Data 
Film Position FWHM 112 Intensity Ratio I(112) / I(220, 204) 
CZTS-OLA 28.462 ± 0.008 0.857 ± 0.010 1.69 ± 0.05 
CZTS-DAS 28.357 ± 0.013 1.08 ± 0.02 2.49 ± 0.08 
 
TG-DSC data of CZTS-OLA and CZTS-DAS using a 10°C/min ramp in helium is shown 
in Figure 3.5. For CZTS-OLA, the endothermic transition between 200-300°C CZTS-
OLA is attributed to desorption of the OLA ligand. The subsequent exothermic transition 
is the pyrolysis of oleylamine with an endothermic transition of oleylamine boiling at 
364°C. After the decomposition of oleylamine, there is a baseline shift in the differential 
scanning calorimetry data that corresponds to the potential recrystallization/grain growth 
of CZTS-OLA.137 This transition does not occur for CZTS-DAS, indicating altered 
thermal stability of ligand exchanged nanoparticles.  
It is well known that annealing CZTS above 400°C induces tin loss.16,18 When a tin-
sulfide bond is broken, the remaining copper and zinc bonds with sulfur must also break 
as Cu-Zn-S do not form a crystalline phase around 500°C.138 Thus binaries are formed 
when CZTS locally decomposes. Khare et al have shown that annealing CZTS-OLA at 
600°C for hours results in the formation CuZn and SnO2.88 In section 3.11, hard-soft acid 
base (HSAB) theory is used to explain the effect of ligands on CZTS nanoparticle 
sintering under selenium. In an inert environment, HSAB provides a useful explanation 
for explaining high temperature decomposition of CZTS nanoparticles. The DAS capping 
agent terminates all metal bonds on the CZTS nanoparticle surface with sulfide.139 
However, in HSAB, sulfides are soft bases and will preferentially bind to the soft Cu+ 





Zn2+ and Sn4+ Lewis acid sites. As a corollary of HSAB, under high temperature 
conditions, copper is the first metal produces from thermal decomposition of CZTS-OLA 
nanoparticles. Replacing the hard base oleylamine with the soft sulfide base copper 
creates sulfide ligands that bind more strongly with copper thus resulting in slower 
kinetics of quaternary nanoparticle decomposition.  
 
Figure 3.5 TG-DSC of CZTS-OLA and CZTS-DAS, 10°C/min, He 
Chengyang Jiang et al report that annealing CZTS in an inert environment causes 
sintering with varying kinetics and grain size growth, dependent on the capping ligand.87 
For dodecanethiol and DAS, CZTS begins thermally sintering above 200°C whereas the 
kinetics of oleylamine capped CZTS occur above 300°C. Sintering begins at 
temperatures below half the melting point of CZTS after capping ligand desorption. More 





attribute this phenomenon to slower kinetics of forming nuclei. Since these sintering 
nuclei are a result of CZTS nanoparticle decomposition, their research fits the paradigm 
that thiols form stronger bonds with copper in CZTS, which results in slower 
decomposition.  
In literature, thermal degradation of CZTS-DAS nanoparticles has not been studied with 
crystallography. Figure 3.6 contains the GIXRD spectra of CZTS-OLA and CZTS-DAS 
films baked in nitrogen for 60 minutes on a 500°C hot plate in inert nitrogen. In the case 







Figure 3.6 GIXRD of CZTS-OLA and CZTS-DAS Baked in N2, 500°C, 60 minutes 
The CZTS-DAS Raman shown in Figure 3.4 broad peak at 480 cm-1 which indicates the 
presence of Cu-S bonds, likely formed at the nanoparticle surfaces. By annealing 
nanoparticles that contain sulfized copper surfaces, crystalline growth of this phase may 
begin. Since this phase, which is known to nucleate growth of CZTSSe, is present on all 






 Effect of DAS Ligand Exchange on CZTS Nanoparticle Film Morphology 3.5
As discussed in 3.1, sintering from the selenization of chalcogenide thin films is 
dependent on the initial film morphology. Inspection of light microscope images of 
CZTS-OLA and CZTS-DAS shown in Figure 3.7 indicate a new thin film coating 
structure after the ligand exchange. The initial CZTS-OLA appears to be microporous, 
showing appreciable z-height contrast with the dark areas. 
 
Figure 3.7 100x Images of CZTS-OLA (left) and CZTS-DAS (right) with 5 µm scale 
bar 
Representative AFM images of the CZTS-OLA films shown in Figure 3.8 reveal that the 
dark spots in the 100x image are large agglomerate of nanoparticles at the thin film 
surface. The area around these agglomerates has a root mean square roughness (RRMS) of 
3.29 nm, which is much lower than the RRMS = 9.53 nm estimated for the CZTS-DAS 
film. Thus in disregard of the ~200 nm agglomerates, CZTS-OLA is a smoother film. At 
the 250 nm scale, AFM data shows the formation of highly packed CZTS-DAS clusters 
whereas CZTS-OLA resolves individual nanoparticles. The densely packed CZTS-DAS 
clusters are ~50nm apart, indicating the potential formation of larger pores through the 
nanoparticle film. DMF has been reported in quantum-dot synthesis to greatly reduce 
















































Figure 3.8 AFM of CZTS-OLA (left) and CZTS-DAS (right) at 5 µm (top) and 250 
nm (bottom) scales 
Point EDS of a CZTS-OLA film was used to determine potential compositional 
differences in the large 200 nm surface agglomerates. The results shown in Table 3.3 
with the corresponding SEM micrograph indicate that the agglomerates are zinc rich, and 






Table 3.3 EDS Data on CZTS-OLA 





Spot 1 0.77 1.17 1.1 
Spot 2 0.74 1.05 1.1 
 
 Effect of Ligand Exchange on Selenization 3.6
After selenization of CZTS-OLA nanoparticle films, the solar absorbing sintered layer 
comprised of ~800 nm grains is formed along with a fine-grain layer beneath it.26,27 The 
fine-grain layer, whose thickness may be controlled by selenization conditions as well as 
the film curing temperature, is rich in carbon and selenium.28,38,75,141 The EDS line scan 
of selenized CZTS film in Figure 3.9 shows the accumulation of carbon at the back 
contact (left) near the molybdenum. Since carbon is not appreciably soluble in crystalline 
lattices, its accumulation in the higher surface to volume portion of selenized film’s fine-









Figure 3.9 EDS Line Scan of Selenized CZTS-OLA 
Though the ligand exchange of CZTS-OLA removes the carbon ligands, it has a large 
impact on the selenized film morphology. Figure 3.10 shows that during selenization, 
standard CZTS-OLA nanocrystals coated with hexanethiol form large sintered grains, 
whereas the ligand exchanged CZTS-DAS selenized films only slight sintering 
throughout the bulk of the film with no formation of large micron grains in the film. EDS 
scans of the ligand exchanged film show a qualitatively negligible amount of carbon 
throughout the film (~ 20-30 atomic % with EDS). More exact carbon measurement 
techniques are required to determine the quantitative amount of carbon within the 






Figure 3.10 SEM cross-sections of CZTS-OLA (left) and CZTS-DAS (right), 
selenized 
As discussed in Chapter 2, sintering of large grains from CZTS nanoparticles requires 
nucleation of copper selenide which results from the formation of liquid selenium 
throughout the film.  
AFM data shows a change in the film surface morphology and annealed film XRD with 
TG-DSC show changes in the thermal reactions of nanoparticles. With a sulfide capping 
agent, there is a potential impact on the nanoparticle reaction chemistry.  Both 
morphology and altered nanoparticle surface chemistry may affect the overall selenium 
wetting in the exchanged nanoparticle film.  
 Short Selenization of CZTS-DAS 3.7
Film morphology impacts the selenization of CZTS as it effects the condensation and 
diffusion of selenium. Higher surface roughness increases the necessary initial 
condensation of selenium where densely packed agglomerates would slow solid state 
diffusion of selenium through the film. In order to understand more about the impact of 
ligand exchange on the diffusion of selenium through the film and subsequent sintering, 





The selenium profile through a CZTS the film was measured by interrupting a 
selenization after 5 minutes from insertion to the tube furnace. Figure 3.11 plots the 
selenium to cation atomic ratio for CZTS-OLA and CZTS-DAS films after 5 minutes of 
selenization. In the CZTS-OLA film, the selenium is wicked to the back of the film (left) 
where for CZTS-DAS, the selenium is mostly even across the absorber layer.   
 
 
Figure 3.11 Cation/Selenium Profiles for CZTS-OLA (top) and CZTS-DAS (bottom) 
after 5 minutes of selenization. X-axis is in microns. 
Not only is the diffusion of selenium into the film lower for CZTS-DAS, but the Raman 
shown in Figure 3.12 confirms slower kinetics in the formation of the CZTSe phase from 
CZTS-DAS films. The formation of two peaks around 197 cm-1 indicates the formation 






Figure 3.12 Raman spectra of film selenized for 5 minutes 
It has been reported that for silver, carbon ligands inhibit physical sintering.114 However, 
the selenization of CZTS is a reactive sintering that relies on the formation of a liquid 
phase. This process relies on dissolution of the nanoparticle surface. The liquid phase of 
selenium formed in a CZTS-OLA film will partially dissolve copper and tin. The 
diffusion of Cu to the CZTS film surface acts as a nuclei to form large grain CZTSSe.75 
Line scan of EDS in Figure 3.13, shows how copper does not diffuse to the surface of the 
CZTS-DAS recapped film. Without forming copper rich nuclei at the CZTS film surface, 
no planar growth occurs and thus the sintering mechanism is altered. 
















Figure 3.13 Cu/Zn+Sn and Zn/Sn ratio of 5 min selenization for CZTS-DAS (top) 
and CZTS-OLA (bottom) 
Diffusion of copper to the surface of the film requires the formation of a copper poor 
phase. Copper is slightly soluble in selenium, and for a CZTS-OLA film, when 
oleylamine desorbs and undergoes pyrolysis, the liquid selenium throughout the CZTS-
OLA film dissolves Cu in CZTS and Cu diffuses in the liquid selenium phase to the films 
surface where the concentration is lower. For CZTS-DAS films, AFM data shows that the 
nanoparticles are more densely packed, thus inhibiting the initial diffusion of selenium 
through the film. Dissolution and diffusion of copper requires the chemical 
decomposition of CZTS as Zn,Sn,S do not form a ternary phase. It is possible that the 
excess sulfur on the CZTS-DAS nanoparticle surfaces will shift chemical equilibria 





Cu2ZnSnS4 + (1-x)Se Cu2ZnSn(SxSe1-x)4 + S 
However, use of thiourea recapped CZTS in section 3.11.3 contain sulfur and still show 
sintering upon selenization. The agglomerates formed with CZTS-DAS prevent the 
penetration of liquid selenium throughout the nanoparticle film and result in pore 
pinning, producing even coarsening through the film and a nanoporous structure. Figure 
3.14 shows the proposed model of selenium penetration into CZTS nanoparticle films. 
For CZTS-OLA, each nanoparticle is covered with a carbide layer after pyrolysis of 
oleylamine, allowing selenium to condense on majority of the nanoparticle surfaces. For 
DAS recapped CZTS, the fused agglomerates disallow penetration of selenium and result 
in large pore formation that resist sintering densification. This model is corroborated by 
the EDS data showing less diffusion of selenium through the film after 5 minutes of 
selenization, as well as the Raman data that show 5 minute selenization of CZTS-DAS 
films undergo less conversion to the selenide.  
  
Figure 3.14 Model of CZTS-OLA (left) and CZTS-DAS (right) nanoparticle films. 
Though morphology is pivotal in controlling sintering during selenization, it is also 
shown throughout section 3.11 that the ligand chemistry vastly impacts the reaction of 
CZTS with selenium. Both of these effects must be controlled to obtain sintering of 





 Effect of CZTS-DAS Film Roughness and Auxiliary Films of Se, NaF and Cu 3.8
Increasing surface roughness was explored as a method to increase condensation of 
selenium on a CZTS-DAS film. CZTS-DAS films were drop-casted and dried under 
ambient conditions and also doctor blade coated to create a smoother film. Figure 3.15 
shows a distinct increase in abnormal grain sintering for the visibly rougher drop-casted 
film.  
  
Figure 3.15 CZTS-DAS, drop casted (left) doctor-blade coated (right) 
One method of improving sintering discussed in chapter 5 is the deposition of sodium 
fluoride to the surface of an absorber film to create a liquid sodium selenide layer during 
selenization. For this work, ~50 nm of NaF was deposited on a CZTS-DAS film. The 
resulting selenized films in Figure 3.16 show a slight increase in sintering across the film 
surface as well as sporadic coarsened micron grains. The cross-section SEM shows the 






Figure 3.16 SEM of CZTS-DAS film with 50 nm of NaF on top 
In order to provide more liquid selenium, a 500 nm layer of selenium was evaporated 
onto a CZTS-DAS film prior to selenization. The increase in coarsened grain growth at 
the film surface is shown in Figure 3.17. Addition of selenium increased device 
performance to a record total area PCE of 2.1%.  
  
Figure 3.17 SEM of CZTS-DAS film with 500 nm Se layer on top, selenized 
In contrast, a 500 nm layer of selenium was evaporated on a molybdenum substrate with 
trace oxygen barrier coated substrate prior to coating CZTS-DAS and selenizing. A cure 





SEM of the selenized film in Figure 3.18 shows a cavity formed at portions of the back 
contact where the selenium melted and percolated to through the film, converting the 
CZTS-DAS into CZTSSe with no sintering. The splitting through the film also indicates 
the two selenium fronts diffusing during selenization – the selenium front penetrating the 
film with condensation and diffusion from the pellets and the selenium on the back 
contact. Data from the thesis of C. J. Hages shows that the addition of selenium at the 
molybdenum back contact under a CZTS-OLA induces sintering at the back contact and 
forms a fine-grain layer at the surface of the film. This data along with the conclusion of 
slower selenium diffusion through the CZTS-DAS film supports the hypothesis that 
selenium is not wetting the film, either due to the modified nanoparticle surface 
chemistry or altered thin film morphology.  
 
Figure 3.18 SEM of CZTS-DAS film with 500 nm Se layer on bottom, selenized 
In order to obtain full sintering, an excess ~1 mm layer of selenium powder was placed 
on top of a CZTS-DAS film to further increase the liquid assisted reactive sintering. 





the grains show ample porosity throughout the film. Increasing liquid selenium increases 
grain growth without inducing densification of the grains. If  
  
Figure 3.19 SEM of Selenium powder on CZTS-DAS, selenized. Plain-view SEM 
(right) shows remaining selenium puddle not wetting particles 
Diffusion of copper to the surface of the CZTS-OLA film is a crucial step in the initial 
sintering stage. Deposition of 50 nm of copper on a CZTS-DAS film prior to selenization 
was used to provide the necessary CuSe in situ. Figure 3.20 shows how supply of copper 
to the surface increases the overall amount of sintering. Portions of the film around the 
edge of the device (where selenium preferentially condenses) show a large increase in 
sintering. In sections of the film without ample sintering (film center), there is abnormal 
coarsening at the film surface. The area around the coarsened grains must be noted as 
these grains show the densification. Nucleation of CuSe at the film surface drives the 
densification of grains whereas liquid selenium induces coarsening. The confluence of 
dissolved copper nucleating at the surface with selenium percolated through the thin film 





   
Figure 3.20 SEM of 50 nm layer of copper on CZTS-DAS, selenized 
After selenization, excess copper becomes Cu1.8Se, with possible S alloying, shown by 
the 2θ = 31.2° diffraction peak present in the GIXRD data in Figure 3.21. The presence 
of a copper selenide phase is corroborated by the 262 cm-1 peak shown in Figure 3.22. 
Though some large of the largest crystalline domains present will contain Cu1.8Se, the 
sintered grains present are CZTSSe.  
 






Figure 3.22 Raman spectrum of CZTS-DAS with 50 nm of Cu, selenized 
 Effect of Pre-Annealing CZTS-DAS Films – A New Sintering Model 3.9
As discussed in section 3.1, the curing step of chalcogenide thin films effects sintering. 
The effect of curing temperature on sintering is shown in Figure 3.23 - doctor blade 
coated CZTS-DAS films are cured on a hot-plate for 1 minute between each coating (four 
total) with a cure temperature of either 150 or 300°C. Increasing the cure temperature 






Figure 3.23 CZTS-DAS with air annealing 150°C cure (top), 300°C cure (middle), 
and 300°C 60 minute anneal (bottom) 
Since cure temperature had a profound effect on film sintering, the effect of thermal 
treatment on CZTS-DAS nanoparticle films was explored. Films initially cured at 300°C 
were additionally annealed on a hot-plate at 300°C for 60 minutes in varying gaseous 








Figure 3.24 Selenized CZTS-DAS Films with Pre-Annealing in H2S (top) and Ar 
(bottom) 
Pre-annealing the films in air increases the sintering throughout the film with the 
formation of large interparticle porosity. This morphology is potentially due to pore 





argon, or H2S, results in only abnormal grain growth at the CZTS film surface with little 
to no sintering through the bulk of the film. The J-V characteristics of devices from these 
films are summarized in Table 3.4. Though the pre-annealing in argon resulted in the 
highest efficiency device, replication of these results with a lower temperature cure 
resulted in decreased efficiency. Only air annealing was shown to improve sintering 
reproducibly. 
Table 3.4 Average J-V characteristics for annealed films.  
Average η (%) Voc (V) Jsc (mA/cm
2) FF (%) 
CZTS-OLA 6.9(1) 0.364(1) 31.3(5) 61.0(6) 
150°C Curing 0.21(4) 0.16(1) 4.0(5) 34(1) 
300°C Curing 1.3(4) 0.24(5) 13.9(7) 39(3) 
H
2
S Anneal 0.008(2) 0.04(7) 0.7(2) 30(5) 
Ar Anneal 4.5(2) 0.33(2) 30(2) 46.3(6) 
Air Anneal 3.6(3) 0.319(8) 24(1) 50.6(7) 
 
TG-DSC of dry CZTS-DAS particles, shown in Figure 3.25, was performed to 
understand how air affects the nanoparticle films. Near 300°C, CZTS undergo the first 
roasting temperature and the nanoparticles begin to exothermically oxidize, resulting in 
an increasing mass. Since mass is increasing, oxygen is not only replacing sulfur, it is 






Figure 3.25 TG-DSC of CZTS-DAS films in air 
Table 3.5 summarizes the film compositions for increasing air treatments of CZTS-DAS 
films. Increasing the cure temperature and adding a pre-annealing step with air increases 
the oxygen content in the film and removes sulfur from the film without significantly 
altering the cation ratios.  
Table 3.5 EDS of Air Annealed CZTS-DAS Films 




S O (at%) 
150°C Cure 0.78 1.06 1.09 8.3 
300°C Cure 0.78 1.05 1.30 13.9 






GIXRD of the CZTS-DAS air treated films in Figure 3.26 show that though air annealing 
at 300°C oxidizes CZTS, the bulk of the kesterite phase remains stable. It was observed 
for long air treatments that the nanoparticle film would become thinner, likely due to the 
formation of a nanoparticle aerosol. 
 
Figure 3.26 GIXRD of CZTS-DAS air treated films 
The selenized film GIXRD in Figure 3.27 shows a 220/204 peak shift to lower 2θ with 





resulting CZTSSe film became more selenized. The air pre-annealed selenized CZTSSe 
film contains a lower selenium concentration than standard CZTS-OLA. 
 
Figure 3.27 GIXRD of 220/204 peaks for selenized CZTS-DAS Varying Annealed 
Films 
Film morphology can impact CZTS sintering and so AFM was used to measure the thin 
film surface morphology of the air annealed versus argon annealed CZTS-DAS films. 
Comparison of the 250nm resolution AFM of annealed CZTS-DAS in shown in Figure 





CZTS-DAS. In contrast, the argon annealed films still contain agglomerates with widths 
subsisting of 2-4 nanoparticles. At the 5 µm resolution AFM, the RRMS decreased with air 
annealing 11.6 nm to 7.19 nm and remained roughly constant with argon annealing at 
11.1 nm. to  and increased for both annealing  Both annealing techniques increased the 
measured area of the film at the 250 nm scale, indicating the formation of smaller 
features, but only air annealing fully deconstructed the agglomerates in the CZTS-DAS, 
shown in Figure 3.8. 
 
   
Figure 3.28 AFM of air annealed CZTS-DAS film (top row) and argon annealed 





The improved sintering from air annealing is attributed to the new nanoparticle film 
morphology. Large pore structures in the ligand exchanged films resist sintering 
densification.142 By oxidizing the surface of the nanoparticles, the agglomerates are 
broken apart, resulting in selenium wetting more nanoparticle surfaces, inducing more 
sintering throughout the film. Hypothetically, elimination of the large porous structures 
will enable formation of micron sized grains without aliphatic ligands.  
 Water Sprayed CZTS and Pyrolytic Graphite 3.10
In previous sections of this chapter, the discussed devices were coated with DMF based 
nanoparticle inks via doctor blade coating. One dominant benefit of ligand exchange is 
the ability to process nanoparticle films with benign water. In this section, water spraying 
of CZTS nanoparticles is demonstrated. Once the ligand exchanged nanoparticles are 
dried, they were dispersed in deionized water to a concentration of 40 mg/mL. The films 
were spray coated on a 150°C hotplate on molybdenum coated CWG substrates. The 
SEM of selenized water-sprayed CZTS-DAS is shown in Figure 3.29 with and without 
pre-annealing the film for 60 minutes on a 300°C hotplate in air. As shown in section 3.9, 






Figure 3.29 Water sprayed CZTS-DAS selenized devices without (left) and with air 
pre-Annealing (right) 
A major focus of this work has explained the role of selenium in sintering. In order to 
increase the amount of selenium condensed within the CZTS-DAS nanoparticle film, 
pyrolytic graphite from Graphite Machining Incorporated was used instead of porous 
graphite. For CZTS-OLA, higher selenium vapor pressures during selenization result in 
thicker fine-grain layers due to an increase in selenium condensation within the film 
pores.143 CZTS-DAS does not exhibit a fine-grain layer, and addition of selenium layers 
to the film surface induced coarsening.  
Figure 3.30 shows the cross section SEM of water sprayed CZTS-DAS films selenized in 
a pyrolytic graphite box. The sprayed film with selenized in pyrolytic graphite shows 
sintering occurring at the back contact of the film. Water sprayed films are often less 
dense than doctor blade coated films, as shown in Figure 3.31. The porous film will allow 
the higher vapor pressure of selenium provided in the pyrolytic graphite box to condense 
at the back contact and allow for nucleation of CZTSSe above the formed molybdenum 
selenide. The combination of pyrolytic graphite and pre-annealing the film in air results 





surface. The average and record J-V data for water-sprayed CZTSSe devices are shown 
in Table 3.6 and Table 3.7, respectively. The use of pyrolytic graphite increased device 
efficiency; however, the higher selenium vapor pressure resulted in lower fill factors, 
which is attributed to the condensation of selenium on the absorber film surface. Post-
annealing in inert atmosphere to remove condensed selenium is suggested to improve fill 
factor. Though these devices are surpassing 4%, higher efficiency relies on developing a 
method to sinter the exchanged nanoparticles into micron sized grains. 
.   
Figure 3.30 Water sprayed CZTS-DAS selenized devices without (left) and with 
(right) air pre-Annealing 
 





Table 3.6 Average J-V Data Characteristics for Water-Sprayed CZTS-DAS Devices 
Pre-Anneal Graphite η (%) Voc (V) Jsc (mA/cm2) FF (%) 
Air, 300°C, 1hr Pyrolytic 3.7 ± 0.4 0.35 ± 0.01 28.3 ± 2.2 37.5 ± 1.7 
Air, 300°C, 1hr Standard  2.6 ± 0.4 0.26 ± 0.01 22.7 ± 1.2 43.8 ± 3.3 
None Pyrolytic 1.5 ± 0.2 0.25 ± 0.02  21.8 ± 1.3  27.8 ± 0.5 
None Standard 0.011 ± 0.006 0.021 ± 0.007 2.58 ± 0.41 19.8 ± 8.2 
 
Table 3.7 J-V Characteristics for Record Water-Sprayed CZTS-DAS Devices 
Pre-Anneal Graphite η (%) Voc (V) Jsc (mA/cm2) FF (%) 
Air, 300°C, 1hr Pyrolytic 4.1 0.36 31.4 37.2 
Air, 300°C, 1hr Standard  3.0 0.27 24.1 46.7 
None Pyrolytic 1.8 0.26 24.1 28.7 
None Standard 0.018 0.03 2.5 26.0 
 
 Effect of Varying CZTS Ligand on Selenized Film Morphology 3.11
In section 3.8, it was demonstrated that the morphology of the coated films plays can 
affect sintering of CZTS-DAS films. The current assessment is that pre-annealing the 
films in air improves the CZTS-DAS sintering by breaking the nanoparticle agglomerates 
in the CZTS-DAS film. One reason oleylamine is so effective is that upon pyrolysis, it 
forms a carbide layer in which selenium may percolate through, reacting with every 
nanoparticle. Air annealing of the DAS capped CZTS nanoparticles break apart the 
detrimental nanoparticle agglomerates, allowing more contact with individual particles, 
but it also alters the particle surface chemistry through oxidation.  
The use of the hard-soft acid-base (HSAB) concept can be used to explain potential 
differences in the CZTS reaction with selenium.140,144–146 According to HSAB theory, 
oleylamine is a hard Lewis base that prefers to bind with hard Lewis acids. Zn2+ is a 





is a soft Lewis acid. When transferring from a hard base like oleylamine to a soft base 
like RS-, the surface chemistry is changed. Termination of surface copper sites with 
sulfides that preferentially bind with copper may prevent the necessary dissolution of 
copper into selenium. In this section, the effect of the ligand hardness on sintering 
through direct use of varying ligand species. 
3.11.1 Selenization of CZTS with Borderline Base 
Oleylamine was replaced with pyridine by refluxing CZTS-OLA nanoparticles dispersed 
in pyridine.147,148 Pyridine is a borderline base and is often considered a good leaving 
group as it is easily removed with light annealing. The selenized CZTS-pyridine film 
SEM is shown in Figure 3.32. With oleylamine removed, the bulk of the film does not 
sinter whereas the surface does. Since, pyridine does not contain excess sulfur but can 
produce a similar morphology to the DAS recapped CZTS, the hypothesis that excess 
sulfur in DAS is rejected. However, the chemical nature of the bonds between pyridine 
and each metal constituent (Cu, Zn, Sn) may have a similar affect. Also, pyridine 
recapped nanoparticles are reported to increase interparticle density.148 With higher 
interparticle density, the penetration of liquid selenium through the film will be restricted; 
however, this film shows coarsening at the film surface which does not occur for CZTS-
DAS nanoparticles to the same extent. Thus not only is sintering impacted by the 







Figure 3.32 SEM of pyridine Exchanged CZTS, selenized 
3.11.2 Selenization of CZTS with Soft Bases 
It is currently claimed that ligand exchange with DAS provides a nucleophilic 
substitution of the OLA with a more strongly bound sulfide and it is this sulfide that 
forms a charge layer with the ammonium counter ions. However, the FTIR spectra for 
CZTS-DAS shows residual amide characteristics. It is hypothesized that complexation 
with the amide used during ligand exchange is incorporated into the electric double layer 
structure. FTIR spectra of CZTS recapped with H2S bubbling is shown Figure 3.33. The 
exchanged nanoparticles contain residual oleylamine but also contain a split broad peak 
at 3250 cm-1 and a carbonyl 1705 cm-1 stretch which indicates the incorporation of a 
secondary amide – the NMF used for H2S bubbling. Though it was initially hypothesized 
that recapping with H2S in NMF would cap the nanoparticles with sulfide anions, FTIR 
indicates that there is still residual C-H stretching as well as strong amide characteristics. 







Figure 3.33 FTIR of H2S recapped CZTS Nanoparticles 
The resulting SEM of the selenized H2S recapped CZTS is shown in Figure 3.34. There 
is large grain sintering at the surface of the film, forming 600-800 nm grains. The large 
fine-grain layer is partly due to the presence of a 2 µm thick absorber. Similar 
observations have been made for thick absorber films of CZTS-OLA. The residual 






Figure 3.34 SEM of CZTS nanoparticle exchanged by H2S bubbling, selenized 
As previously mentioned, grain growth in CZTS begins with copper diffusion to the 
surface of the CZTS film and addition of CuS to CZTS resulted in sintering upon 
sulfurization, as shown in chapter 2. It was initially hypothesized that complexation of 
the CuS for ligand exchange would provide the necessary nuclei to induce sintering, and 
so CuS was complexed with butylamine and ethanethiol in solution and used to displace 
OLA on the CZTS nanoparticle surface. Figure 3.35 shows the SEM of selenized CZTS-
CuS film with a representative J-V curve in Figure 3.36. No large grain growth occurs 
but there is uniform sintering that forms 80 nm grains throughout the film. These results 
indicate that with CuS ligands, there is no separate nucleation of binary CuS/CuSe that 





   
Figure 3.35 SEM of complexed CuS ligand exchanged CZTS, selenized  
J-V devices from these films were highly shunted, producing average efficiencies of only 
0.1% (record 0.2%). High shunting is a result of unreacted copper forming copper 
binaries throughout the selenized film. 
 
Figure 3.36 J-V Curve of CZTS recapped with CuS device 
Liquid selenium plays a large role in CZTS sintering. Selenium was complexed in 
solution with ethylene diamine and trace mercaptoethanol and used to displace 





These films produced a record 2.8% efficiency device. EDS mapping of the coated film 
shows the presence of precipitated selenium. The abnormal coarsening of sharp grains at 
the film surface is attributed to the precipitated selenium. 
  
Figure 3.37 SEM of complexed selenium ligand exchanged CZTS 
Recapping with diammonium sulfide and complexes of CuS and Se species are soft bases 
that will more strongly bind to Cu+ Lewis acid sites on nanoparticle surfaces. Prior to 
ligand exchange, the nanoparticle surface is terminated with oleylamine, a hard RNH2 
base that would more strongly bind to tin and zinc surfaces. Recapping with CuS was 
able to induce sintering throughout the nanoparticle without annealing, and may be useful 
in providing film morphologies that are beneficial to thermoelectric device research. 
3.11.3 Selenization of CZTS with Thiourea - Both Hard and Soft Bases 
Thiourea is a resonant molecule that has both the hard base RNH2 and soft base RS- 
moieties. According the HSAB concept applied to this work, it is expected that 
selenization of a film with thiourea exchanged CZTS would exhibit large sintered grains 





confirms this hypothesis in showing the formation of micron sized grains interspersed 
between smaller sintered grains. 
 
Figure 3.38 SEM of thiourea ligand exchanged CZTS nanoparticles 
3.11.4 Selenization of CZTS with Hard Base 
Colloidal stability in nanoparticle inks is required for coating of smooth films. Without a 
steric stabilizing ligands or ionic capping surface species with an appreciable charge 
radius, CZTS films become rough due to aggregate formation within the ink. Dilute 
solutions of hydrazine remove all capping ligands and induce nanoparticle precipitation. 
Though film quality is subpar, selenization of films with hydrazine treated surfaces were 
selenized. SEM images taken at 20 kV are shown in Figure 3.39. Even with a cleaned 
surface, the nanoparticle film undergoes sintering. Top down SEM shows a lower degree 
of densification as only 300-400 nm grains are discernably formed. Cross-sections of the 
CZTS-hydrazine film show the formation of sharp grains with low dihedral angles, which 






Figure 3.39 SEM of hydrazine stripped CZTS nanoparticles 
Copper chloride is similar to CuS, but it uses chlorine which is a hard Lewis base. The 
selenized CZTS-CuCl2 films are shown in Figure 3.40. There is sporadic sintering 
throughout the film. As previously mentioned, the use of chloride results in tin loss 
during ligand exchange. Though, the off-stoichiometry may drive diffusion based 
sintering, the formation of micron sized grains indicates that selenium is partially 
dissolving copper to form CuSe nuclei. 
  






Ammonium hydroxide is an ionic species closely related to diammonium sulfide, but 
with replacement of the soft thiol SH- moiety with the hard OH- base rather than soft 
S=/Se= base. Ammonium hydroxide was used to recap CZTS nanoparticles. The GIXRD 
of the CZTS films is shown in Figure 3.41 with a summary of the primary 112 peak for 
each film in Table 3.8. The GIXRD along with the EDS data shown in Table 3.9 
confirms that the CZTS remains intact through recapping with ammonium 
hydroxide.There is a slight etching of tin from the nanoparticles, but the composition 
remains well within the feasible limit for having a single kesterite phase. 
Table 3.8 GIXRD of Coated CZTS Films 
Film 112 Position FWHM 112 
Intensity Ratio 
(112/[220 004]) 
CZTS-OLA-HT 27.259(6) 0.405(4) 1.87(8) 
CZTS-DAS-NMF 27.226(4) 0.429(3) 2.06(3) 
CZTS-NH4OH-NMF 27.221(3) 0.394(2) 1.84(2) 
 
Table 3.9 EDS data of CZTS particles before and after NH4OH ligand exchange 





CZTS-OLA 0.81 1.06 0.98 
CZTS-NH
4







Figure 3.41 GIXRD of coated CZTS-OLA, CZTS-DAS, and CZTS-NH4OH 
The SEM of selenized CZTS-NH4OH films in Figure 3.42 shows an improvement in 
large grain coarsening. A bimodal distribution of grain sizes is formed throughout the 
film. With the formation of larger grains, devices fabricated with the ammonium 
hydroxide ligand exchange have reached a record total area efficiency of 4.2%. However, 
processing must be improved as there is a high level of shunting due to a lower level of 







Figure 3.42 SEM of NH4OH recapped CZTS, selenized 
In chapter 5, the benefits of alkali metal doping will be discussed. Though relatively high 
concentrations of alkali (1 at% of Na and K) doping can be detrimental to device 
performance, it can benefit chalcogenide sintering. The selenized films shown in Figure 
3.43 show coarsening at the surface of the film which indicates the likely formation of 
CuSe nuclei. It is possible that the film morphology is preventing full penetration of 
selenium, but the hard Lewis base ligand enables the nanoparticles to react with 
selenium, allowing copper to dissolve into the selenium. It is possible, that having sodium 
on the surface of each nanoparticle will enhance the formation of liquid selenium, as 
occurs in the current model of CZTS-OLA selenization. AFM of these films can help 
determine if the new ligand results in less agglomeration or if the alternative of sodium 







Figure 3.43 SEM of NaNH2 recapped CZTS nanoparticles, selenized 
Figure 3.44 shows the selenized CZTS-KOH films which exhibit large micron sized grain 
sintering. The formation of large grains indicates the diffusion and nucleation of CuSe at 
the film surface. With the new ligands, the selenization mechanism that sinters CZTS-
OLA is restored. Though, potassium, like sodium, can effect sintering of the film by 
aiding in formation of liquid selenium, SEM results show that hydroxides result in the 
most micron sized grain sintering. It is possible that hydroxide surface chemistry prevents 
the formation of agglomerates or it allows for the reactive dissolution of copper into 
liquid selenium. Additional AFM experiments with these films are necessary to discern if 






Figure 3.44 SEM of KOH recapped CZTS nanoparticles, selenized 
 Conclusions from Ligand Exchange 3.12
Eliminating carbon residue and potentially reducing the fine-grain layer stands to 
improve CZTS device efficiency by reducing series resistance. Though hydrazine based 
solution processing has achieved record efficiencies, the use of benign solvents with 
ligand exchange can remove carbon while removing toxic chemicals from the ink 
formulation, allowing for an easily scalable process. Ligand exchange of CZTS with 
diammonium sulfide is a useful technique to expunge carbon residues from the final solar 
absorber; however, selenization of CZTS-DAS films undergoes a different sintering 
mechanism – rather than planar growth starting at the surface of the film, the particles 
sinter throughout the film. Large grain sintering during selenization relies on the 
diffusion of copper to the top of the surface of the selenized film and nucleation of CuSe, 
likely due to condensation of liquid selenium during the initial stages of selenization of 
the film, and dissolution of copper from CZTS at the back of the film.  
The nucleation of copper selenide at the CZTS film surface is attributed to the CZTS-





exchanged films do not contain the 200-300 nm zinc rich CZTS agglomerates found on 
coated CZTS-OLA films. At the nanoscale, CZTS-DAS coatings show very dense 
agglomerates forming between nanoparticles, which will inhibit diffusion selenium 
through the film. 
 Apart from increasing the coating roughness to improve sintering of CZTS-DAS films in 
selenium, excess sulfur from the nanoparticle surface was displaced through annealing in 
air to improve particle coarsening. The oxidation of CZTS-DAS resulted in a lower 
RRMS, but the morphology shows the large flocs of CZTS-DAS broken up, which would 
enable selenium to fill more pores around the particles. Air annealed films produced 
devices with an average of 3.6% PCE. 
Both DAS and NH4OH are basic capping agents, but according to HSAB, the metal sites 
on the nanoparticle surface to which they bind most strongly vary. As shown in Figure 
3.13, solvation of copper into liquid selenium and its diffusion to the film surface is 
crucial for planar grain growth. In order for copper to be dissolved from nanoparticle 
surfaces into selenium, it must break the Cu-S nanoparticle surface bonds. This occurs 
when using hard Lewis base capping agents such as NH4OH, CuCl2, KOH, and NaNH2. 
For all hard bases screened in this study, there was some extent of large grain sintering. 
Hydroxides provided the best selenized film morphologies, reaching a record 4.2% 
efficiency. Further study of these exchanged films with AFM will help determine 
definitively whether or not surface chemistry plays a crucial role in sintering, or do hard 





 KESTERITE CZTSSE TO STANNITE CFTSSE CHAPTER 4
The kesterite (I 4� ) and stannite (I 4� 2m) are two structurally similar polymorphs of 
quaternary Cu2ZnSn(S,Se)4, identified by the ordering of copper and zinc in the crystal 
lattice.54,149 Kesterite CZTS is thermodynamically favored over stannite only by 2.8 
meV/atom.150 It stands to reason that the experimentally observed stannite phase is highly 
disordered kesterite due to sub-lattice disorder between Cu and Zn.63 The formation of 
CuZn and ZnCu antisite defects were found with neutron scattering in both CZTS and 
CZTSe.151 Substantial amounts of these defects will produce an admixture of the two 
phases, causing band gap fluctuations which result in lower Voc.56,152 One method of 
eliminating these interstitial defects is to replace zinc with iron, which also forms the 
stannite crystal structure.149,153  
The solubility of iron in the kesterite phase is high, and so it can be used to tune the 
preferred phase from kesterite to stannite.55 Iron ($0.11/kg) substitution also reduces 
material costs since it more Earth abundant than zinc ($2.1/kg).7,154 The selenization of 
base layers comprised of copper, iron, and tin result in the formation of 56.5 nm 
Cu2FeSnSe4 (CFTSe) grains, which have an optical band gap of 1.1 eV.155,156 The 
theoretical band gap of stannite CZTSe is approximately 0.9 eV, 0.1 eV lower than the 
pure kesterite CZTSe band gap.10,21,157,158 The higher band gap for stannite CFTSe will 





 Characterization of Cu2FeSn(S,Se)4 Films and Nanoparticles 4.1
Raman spectra were measured with a Horiba Raman Microscope with 50x objective and 
a 633 nm laser. XRD was measured on thin films using a Bruker D8 Discover X-ray 
Diffract Diffractometer with a Cu K-alpha source. 
An FEI Quanta 3D FEG Dual-beam scanning electron microscope was used to acquire 
micrographs of the selenized CFTSSe film. Standard acquisition conditions used were 7.0 
kV accelerating voltage, 6-7 mm working distance, spot size 4.0, and 20 µm aperture. 
EDS was acquired at 20 kV the same system using the Quanta analytical mode. High 
resolution nanoparticle transmission electron micrographs were acquired with an FEI 
Titan TEM at 300 kV accelerating voltage. 
 Synthesis, Washing, and Coating of Cu2FeSnS4 Nanoparticles 4.2
Cu2FeSnS4 (CFTS) particles were synthesized by a hot-injection method.28 1.32 mmol of 
copper (II) acetylacetonate (Sigma-Aldrich, (≥99.9% trace metals basis) , 0.79 mmol iron 
(III) acetylacetonate (Sigma-Aldrich, 97%), and 0.75mmol tin (IV) bis (acetylacetonate) 
dichloride (Sigma-Aldrich, 98%) are dissolved in 6 mL of freeze-pump-thaw (FPT) 
prepared oleylamine (OLA) under inert nitrogen atmosphere in a glove box. The sealed 
cation solution is heated to 65°C to achieve full dissolution. Separately, 4.5mL of 1.0 M 
sulfur (Sigma-Aldrich, 99.998%) in OLA solution (50% molar excess) is prepared in 
inert nitrogen, sealed, and heated to 65°C. The target ion molar ratios were Cu/(Fe+Sn) = 
0.86 and Fe/Sn= 1.05. In a 125 mL three neck flask fit with condenser, injection port, and 
thermocouple for temperature control, 12 mL of FPT OLA is added while under nitrogen. 
The reaction pot is attached to a Schlenk line and the OLA is heated under vacuum to a 





99.997% argon and evacuating. After three purge cycles, the reaction is heated under 
argon to 280°C. At 280°C, the sulfur solution is injected and allowed to react for 30 
seconds before the cation solution is injected. Reaction proceeds for 60 minutes, at which 
time the reaction pot is allowed to cool to room temperature under ambient conditions. 
The reaction contents are emptied into a 30 mL centrifuge tube and the pot is rinsed with 
~5 mL of hexane to recover remaining contents. The suspension is split between two 
centrifuge tubes and isopropyl alcohol is used to fill the remaining volume. The 
centrifuge tubes are spun for 5 minutes at 1400 rpm. After the nanoparticles are settled 
from suspension, the supernatant is discarded. The particles are dispersed with hexane 
and combined to one tube. The suspension is washed twice more with isopropyl alcohol. 
After washing, the particles are dried under nitrogen and stored in a nitrogen dessicator. 
Between 50-100 mg of nanoparticles are dispersed in hexanethiol to a concentration of 
200 mg/mL. Two coatings of 15 µLCFTS ink is coated via doctor-blade technique on an 
soda-lime glass substrate coated with an 800 nm DC magnetron sputtered molybdenum 
back contact layer. Each coating is dried in air on a hot plate at 300°C for 1 minute. 
The synthesized nanoparticles are on the order of 10 nm as shown in Figure 4.1. The 






Figure 4.1 TEM of Cu2FeSnSe4 nanoparticles 
Raman spectroscopy obtained with a 532 nm laser  shown in Figure 4.2 confirms that the 
nanoparticles are P4� Cu2FeSnS4 based on the A-symmetry peak at 322 cm-1.159  
 
Figure 4.2 Raman Spectra with 532 nm laser of synthesized Cu2FeSnS4 
nanoparticles 






Figure 4.3 GIXRD of Cu2FeSnS4 nanoparticles with the stannite XRD standard 
EDS was acquired on a drop casted CFTS nanoparticle film – the nanoparticles show a 
Cu/(Zn+Sn) = 0.87, an Fe/Sn ratio of 1.06, and a cation/anion ratio of 1.07.  
 Selenization of CFTS Nanoparticles 4.3
Nanoparticle films of CFTS were enclosed inside a graphite box beside 260±10 mg of Se 
pellets. The box was sealed and placed outside of the three-zone furnace. After purging 
the reactor cycling vacuum to 17 torr and backfilling with argon, the furnace was heated 
to 500°C, and the graphite box was pushed into the center of the three-zone furnace. 
After 40 minutes, the furnace was opened and the samples were cooled in the ambient 
environment. The device stack was finished by depositing 50 nm cadmium sulfide via 





depositing Ni/Al grids. Figure 4.4 shows the resulting selenized film. The grains are 
micron sized and the coarsened absorber is 600 nm tall. 
 
Figure 4.4 SEM cross-section and plain-view of selenized CFTS films 
Though the coarsened film looks promising, the bright areas show potential 
binary/ternary moieties at the surface and there is still a fine-grain layer. EDS was 
acquired for the film. EDS results for the selenized CFTS films are summarized in Table 
4.1. The initial target stoichiometry for the nanoparticles was copper poor and iron rich – 






Table 4.1 EDS atomic ratios for a selenized CFTS nanoparticle film 
Spectrum Label Cu/(Fe+Sn) Fe/Se Fe/Sn Cu/Fe Cation/Anion 
Spectrum 1 1.75 0.28 1.56 1.78 0.94 
Spectrum 2 1.23 0.34 1.97 1.23 0.89 
Spectrum 3 0.01 0.62 18.51 0.01 0.64 
Spectrum 4 0.08 0.64 42.13 0.08 0.70 
Spectrum 5 4.15 0.18 0.60 4.30 1.20 
Spectrum 6 1.45 0.32 1.91 1.47 0.93 
Spectrum 7 1.78 0.29 1.56 1.78 0.96 
 
All spectra have a high Fe/Sn ratio which indicates strong tin loss. Volatilization of tin is 
common during annealing processes of chalcogenide, but is more prevalent in metal 
precursor films when low melting point precursors are used.18,30 It typically volatilizes as 
SnSe.16 Spectrum 3 and 4 show low copper and tin, but an Fe/Se ratio of 0.6 and the 
acquisition areas show a pyrite-like grain morphology, these spots are likely FeSe2. 
Spectrum 5 also shows an area that is off stoichiometry. If the quaternary phase is 
assumed, it would have a composition of Cu2.3Fe0.5Sn0.9Se4, which may not be 
thermodynamically stable. The other possibility is that this area is comprised of a mixture 
of ternaries and binaries, which is difficult to deconvolute with EDS alone. Analysis of 
XRD data for the 112 peak shown in Figure 4.5 corroborates the tin loss hypothesis. The 
major peak lies directly between CuFeSe2 and Cu2FeSnSe4. Though a shift of the 
diffraction peak towards higher 2θ is expected with remnant alloyed sulfur in the crystal, 
the shift present in this data would indicate a much higher concentration of sulfur 
remaining. The EDS shows a Sn/Fe ratio of approximately 0.6, indicating significant tin 
loss within the film. The formation of intrinsic VSn, the largest atom, would decrease the 





of a ternary CuFeSe2 likely does not exist, due to the lack of any diffraction peak within 
the different crystallographic structure; however, CuFeSe2 has a band gap of 0.16 eV and 
so nanodomains of tin vacancies could cause severe electrostatic fluctuations of the band 
edges. This would ultimately result in poor device performance due to massive band tails, 
potentially shunting the CFTSSe device.160 
 
Figure 4.5 XRD Analysis of 112 Diffraction peak for selenized FTS Nanoparticle 
Film 
The J-V characteristics of the selenized CFTS device in Figure 4.6 indicate high levels of 
shunting with slight diode characteristics. Though device performance is 0%, subtraction 






Figure 4.6 Light and Dark J-V Curve for selenized CFTSSe device (left) and the 
subtracted light-dark curve (right) 
 Improving Cu2FeSnSe4 Efficiency 4.4
The adaptation of a newer hot-injection method has successfully been adapted to 
synthesize relatively pure, copper poor, iron rich Cu2FeSnS4 nanoparticles; however, the 
unintended P4�  phase is difficult to discern from the possible I4�2m stannite. Adapting 
grazing-incidence X-ray diffraction (GIXRD) and Raman will improve the materials 
characterization and enable detection of potential binary/ternary impurities. Future work 
will include tuning the current synthesis time, temperature, and stoichiometry as well as 
developing a route to make stannite nanoparticles. It is possible that varying the 
nanoparticle phase can affect the selenized film morphology and composition, as is seen 
with wurtzite and zinc blende CIS and CZTS.108,161 The composition of CFTS will be 
altered to be tin rich – since tin vacancies have a high probability of being recombination 
centers due to narrow band gap. 
Lowering selenization temperatures and times could also reduce the amount of tin loss in 





study of selenization time and temperature will be done. The last study for selenization of 
CFTS will include addition tin selenide to the selenization box or use of pyrolytic 
graphite to prevent excessive loss of volatile species. Creating an atmosphere of tin will 
limit the mass transfer of tin from the film, potentially reducing the formation of binary 
and ternary phases in selenized CFTS.18 Adoption of pyrolytic graphite in lieu of the 





 FABRICATION OF CHALCOGENIDE NANOPARTICLE BASED CHAPTER 5
SOLAR CELLS ON FLEXIBLE GLASS SUBSTRATES 
Cu2ZnSn(S,Se)4 (CZTSSe) and Cu(In,Ga)(S,Se)2 (CIGSSe) thin-film photovoltaics (PV) 
are attractive alternatives to silicon, gallium arsenide, and cadmium telluride based solar 
cells due to potential reduction of manufacturing costs through lower material costs 8 and 
the ability to solution process the absorber films 9,19,20,73,162–164. CIGSSe has been has 
been shown to achieve higher efficiencies than CZTSSe, reaching 21.7% via vacuum 
deposition 165 and 15% via solution processing 164,166. The highest efficiency CZTSSe 
devices have been fabricated with solution based methods, reaching 12.6% efficiency 40. 
The solution-processed absorber record for CZTSSe relies on dissolution of metal 
precursors in hydrazine and deposition through spin coating of several layers. Hydrazine 
is a toxic and explosive material which inhibits facile scale-up of this solution process. 
Molecular precursor ink based methods that do not use hydrazine have been reported for 
CZTS 25,69,167–169. Dissolution methods typically require batch processing of spin-coated 
absorber films, failing to realize the economy of scale necessary for production of 
photovoltaic modules.  Alternatively, doctor-blade coated CIGS 34,164,170 and CZTS 28,30 
nanoparticles may be inkjet-printed on flexible substrates for roll-to-roll (R2R) 
processing for scaled-up production of PV modules 111,171,172.  
Not only do thin flexible substrates allow for low-cost and scalable R2R processing, 





and easier installation with their lighter weight 5,172. Potential flexible substrates used in 
solar cell devices are polymer based – such as polyethylene  terephthalate 173 or 
polyimide 174. However, electrical and optical qualities of polymer substrates degrade 
when subjected to the necessary chalcogenide annealing required to make high efficiency 
CZTSSe and CIGSSe devices 175,176. The use of metal foils such as stainless steel 
produces iron selenide impurities that reduce device performance. 38,177–179 Molybdenum 
is an ideal back contact electrode for chalcopyrites due to its high work-function, low 
chemical reactivity, and ability for form an ohmic contact. As such, molybdenum foil has 
been used as a back contact substrate for PV application – efficiencies for CZTSSe and 
CIGSSe have reached 3.82% and 11.7% respectively 180,181. Lower efficiency in these 
films is a result of high series resistance formed from the MoSe2 during selenization. 
R2R processing of high efficiency chalcogenide solar devices requires the 
development of flexible substrates which can withstand the selenization processes. 
Corning Willow® glass (CWG), an alkali-free alkaline earth metal boro-aluminosilicate 
glass, is an ideal flexible substrate - it can withstand caustic selenium environments, 
resist warping due to a high temperature glass transition above 700°C 182, and is available 
in spools for R2R processing of solar modules. CWG also allows for tunable deposition 
of the molybdenum back contact at higher operating pressures with trace oxygen to 
reduce formation of MoSe2 183,184. 
Historically, soda-lime glass substrates have been used for fabrication of CZTSSe 
and CIGSSe PV devices as SLG dopes the absorber film with sodium, improving device 
efficiencies and sintering 185–188. The transition to flexible substrates requires alternative 





contact and on the absorber film have been shown to improve both CZTS and CIGS 
device performance 157,189–192. However, these methods typically require vacuum 
processing and will increase the cost of panel manufacturing. Soaking absorber films in 
aqueous sodium chloride is a viable alternative to these vacuum methods 34. 
In this work, nanoparticle based CIGSSe and CZTSSe thin film PV devices are 
fabricated on flexible CWG substrates and their electrical performance is evaluated. In 
the case of CZTSSe, the effects on electronic performance from co-selenizing CZTS thin 
films with SLG and BSG shims are measured to determine effects of sample height and 
sodium diffusion from SLG shims during selenization. In order to compensate for the 
lack of sodium in the CWG substrate and improve device performance, aqueous sodium 
chloride treatments and sodium fluoride films are explored as alternative methods to dope 
the CZTS nanoparticle films prior to selenization. 
As CIGS nanoparticle based device fabrication incorporates aqueous sodium 
chloride treatments, alternative processing to batch tube furnace processing was utilized. 
Rapid thermal process (RTP) selenization was used to improve device efficiency as well 
as demonstrate a more scalable method of selenization.  An achieved total area PCE of 
8.1%, comparable to the 11% PCE sputtered CIGS on CWG device reported by Navy 
Research Laboratory 193, demonstrates the potential of solution processing with CWG. 
 Experimental Materials for CZTSSe and CIGSSe Absorber Films  5.1
2.0 ± 0.2 mm Schott Borofloat® glass (4% Na2O+K2O) and 1.9 mm ± 0.1 mm Glaverbel 
soda-lime glass (14% Na2O, 0.6% K2O, 7.1% CaO) were purchased from the S.I. 
Howard Glass Company. 100 µm thick Corning® Willow® glass was provided by 





Kurt Lesker. Copper(II) acetylacetonate (Cu(AcAc)2, ≥99.99%), indium(III) 
acetylacetonate(In(AcAc)3, ≥99.99%), gallium(III) acetylacetonate (Ga(AcAc)3, 
99.99%), zinc acetylacetonate hydrate (Zn(AcAc)2∙H2O, 99.995%), tin(IV) 
bis(acetylacetonate) dichloride (Sn(AcAc)2Cl2, 98%), sulfur (S, 99.998%), oleylamine 
(OLA, Acros, 80-90%), were purchased from Sigma-Aldrich. Cu(In,Ga)S2 (CIGS) and 
Cu2ZnSnS4 (CZTS) nanoparticles were synthesized by the hot-injection methods of 
McLeod et al. 164 and Miskin et al. 28, respectively. The resulting nanoparticles in 
oleylamine were flocculated by addition of reagent grade isopropanol and methanol and 
centrifuged. A washing procedure of dispersing the nanoparticle cake in hexane and 
flocculating with alcohol was repeated 6 times. The resulting cake was then dried under 
nitrogen at room temperature forming a dry powder of nanoparticles, used later in device 
fabrication. 
5.1.1 Preparation of CZTSSe and CIGSSe Absorber Films on CWG 
Inks were formulated by dispersing CZTS or CIGS nanoparticles in 1-hexanethiol 
(Aldrich, 95%) to a concentration of 200-250 mg nanoparticles/mL. The nanoparticle 
inks were then cast on molybdenum coated CWG by doctor blading a 7.5 µL aliquot, and 
allowed to fully dry in air for 2-3 minutes. The coated substrate was then annealed for 1 
minute on a 300°C hot-plate in air to remove residual solvent and then allowed to cool in 
the ambient environment. For CZTS, a second coating was applied in the same manner as 
the first coating. 
For CIGS, the film was placed in a 1 M KCN bath for 60 seconds after the first coating. 
The film is dried under a gentle nitrogen stream and another coating is applied with 





minutes to extrinsically dope the CIGS film with sodium. The film is rinsed with 
deionized water and dried under a gentle stream of nitrogen prior to selenization.  
Two methods were utilized to selenize the substrates. In the first method, the coated 
nanoparticle films were enclosed in a graphite box with 260 ± 10 mg of selenium pellets 
(Aldrich, 99.999%) and heated in a tube furnace to 500°C for 40 minutes with an ambient 
cool down under c.a. 200 sccm Ar flow around the graphite box. In the second method, a 
rapid thermal processing (RTP) furnace was used to heat selenium in a boat to 550°C and 
argon was used to carry the selenium vapor over the coated samples held at 500°C. 
Samples were cooled in the RTP with open flow of 300 sccm Ar. After selenization, the 
sintered films were processed into photovoltaic devices. 
5.1.2 Fabrication of CZTSSe and CIGSSe on CWG Devices 
To evaluate photo-conversion efficiency of CZTSSe and CIGSSe on CWG, photovoltaic 
cells with a CWG/Mo/(CIGSSe or CZTSSe)/CdS/ZnO/ITO/Al-Ni grid structure were 
fabricated. An 800 nm thick molybdenum back contact was deposited on CWG substrates 
by DC magnetron sputtering molybdenum with 5 mtorr of Ar and 95.5 W/in2 power 
density. Dilute oxygen in Argon was introduced near the surface to prevent excess 
formation of molybdenum selenide during annealing.  The coated substrates were then 
coated with a CZTS/CIGS nanoparticle film. After the selenization of the nanoparticle 
films, chemical bath deposition was used to deposit a 50 nm CdS buffer layer. A 
transparent conductive oxide layer (TCO) of 50 nm ZnO and 150 nm of tin doped indium 
oxide (ITO) was deposited via RF magnetron sputtering (sheet resistance ~ 20 Ω/⧠). The 





5.1.3 Device Characterization and thin film morphology 
The photovoltaic devices were scribed into six 0.47 cm2 cells, which were analyzed 
under AM 1.5G sunlight using a Newport Oriel Sol3A solar simulator. Current from each 
cell was measured as a function of forward and reverse swept voltage applied in 5 mV 
increments with a Keithley 2400 Source Meter. Basic device characteristics such as open 
circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and photo-
conversion efficiency (η) were calculated for comparison of device performance.  The 
Shapiro-Wilk test in OriginPro 8.6 was used to ensure viable assumption of data 
normality. Device Voc data sets with a Shapiro-Wilk p < 0.05 (non-normal) are noted. 
Average device J-V characteristics are reported with their corresponding 95% confidence 
interval range. Experimental error within the lab scale fabrication process was minimized 
by ensuring that all compared devices were fabricated in tandem with an identical coating 
procedure. Due to voltage dependent carrier collection, non-ideal diode series resistance 
(Rs), shunt resistance (Rsh), ideality factor (n), and dark saturation current (J0) parameters 
are calculated by measured dark J-V data. Symmetric shunt current leakage in forward 
bias is used to clean forward bias data 194 which is then analyzed by the Hegedus and 
Shafarman methodology 195. J-V curve hysteresis is accounted for by only using data 
swept from forward to reverse bias, after the traps are saturated by injected carriers 
during the initial voltage sweep. External quantum efficiency was measured at 0 V bias to 
determine band gap and Urbach tailing at the band edge for each solar device. 
Scanning electron microscopy cross sections were acquired with an FEI Quanta 3D 





conditions used were 7.0 kV accelerating voltage, 4-7 mm working distance, spot size 
4.0, and 20 µm aperture. 
 Effect of Glass Substrate on Cu2ZnSn(S,Se)4 PV Device Performance 5.2
Soda-lime glass (SLG) provides necessary alkali dopants such as sodium and potassium 
to CZTS films during the selenization process 185–188.  These dopants improve device 
performance by passivating trap level electronic states on the crystalline grain boundaries 
as well as improving large grain sintering by assisting in the formation of a liquid 
selenium phase at the grain boundaries within the film.190 To demonstrate the advantage 
of sodium containing glasses, PV devices were fabricated on SLG and borosilicate glass 
(BSG) substrates. The device characteristics in Table 5.1 show a significantly higher 
efficiency with SLG substrates due to an increase in Voc and fill factor, demonstrating he 
benefit of fabricating the absorber film on higher alkali metal content glass. 
Table 5.1 J-V characteristics of CZTSSe devices fabricated on the soda-lime glass 
and the borosilicate glass 
Glass Substrate Efficiency (%) Voc (V) Jsc (mA/cm2) Fill Factor (%) 
Borosilicate 5.88 ± 0.08 0.345 ± 0.003 30.94 ± 0.34 55.2 ± 0.7 
Soda-lime 7.27 ± 0.79 0.385 ± 0.017 30.65 ± 0.74 61.3 ± 3.8 
 
 Cu2ZnSn(S,Se)4 PV devices on Corning® Willow® glass 5.3
In order to dope the CZTS films on CWG with alkali metals, a simple method of co-
processing CZTS devices on CWG with soda-lime glass shims was devised. However, 
the physical configuration of the graphite box in the selenization tube-furnace system 
ensures that samples are conductively heated and cooled through the substrate first. The 





surface altering the film morphology and device performance 32. Faster cooling of the 
CWG samples may also effect defect formation 196. In order to discern the effects of 
sample height from co-processing with soda-lime glass, samples were selenized using the 
configurations depicted in Figure 5.1, using either SLG or BSG shims or no shims. 
 
Figure 5.1 Graphite box configurations for tube-furnace selenization without a 
soda-lime glass shim (a); with CWG is placed above a soda-lime glass shim (b); and 
with CWG is placed above a borosilicate glass shim (c) 
Figure 5.2 shows the representative cross section SEM micrograph for each 
configuration. The CZTS films using SLG shims have the thinnest fine grain layers (c.a. 
100 nm thick) followed by the samples processed on CWG (c.a. 140 nm thick). The 
CZTS on CWG samples processed atop BSG shims show a large variation in fine-grain 
layer ranging from 100-300 nm. The improved selenization from the SLG shim is 













   
Figure 5.2 Cross section SEM of CZTSSe on CWG Devices fabricated with no shims 
(a), with BSG shims (b), and with SLG shims (c) 
The average current-voltage characteristics of CZTSSe thin film devices on CWG are 
summarized in Table 5.2 with calculated 95% confidence intervals (n =12). Table 5.3 
summarizes the hypothesis testing between each data set, highlighting statistically 
significant differences in J-V data between selenization configurations. Though CZTSSe 
device efficiencies are higher when using either shim, there is no significant 
improvement to efficiency when using SLG shims over BSG shims. Shunt resistance is 
greater with BSG over SLG shims, as expected with the thicker fine-grain layer; 
however, the thin sintered layer for BSG shims results in a higher ideality factor and dark 
saturation current, indicating a higher amount of non-radiative recombination. The band-
gap and Urbach tail energy calculated from the EQE are shown in Table 5.4. The BSG 
shim sample, has a slightly higher band gap than SLG, which contributes to the slight 
increase in Voc.  
Though selenization diffuses available sodium through the absorber, the initial 
molybdenum deposition provides a baseline of sodium through the back contact to be 
directly incorporated into the absorber film upon annealing 197. Using molybdenum on 





sodium to diffuse through the CWG. Enough sodium diffuses to the absorber during 
selenization improve sintering without improving device performance. Ultimately, the 
open circuit voltage decreases when using either shim, but a ~14% increase in fill factor 
mitigates the low Voc, increasing device efficiency . 
Table 5.2 CZTSSe on CWG Current-Voltage Average Device Characteristics 
Shims Efficiency (%) Voc (mV) Jsc (mA/cm2) Fill Factor (%) 
None 5.29 ± 0.14 365 ± 4 29.2 ± 0.4 49.6 ± 0.8 
Borosilicate glass 5.73 ± 0.38 342 ± 5 29.2 ± 0.6 57.2 ± 2.0 
Soda-lime glass 5.62 ± 0.18 337 ± 4 28.6 ± 0.4 58.3 ± 0.7 
 
Shims Rsh (Ω∙cm2) Rs (Ω∙cm2) n J0 (mA/cm2) * 103 
None 1200 ± 360 0.61 ± 0.06 1.68 ± 0.07 6.2 ± 1.8  
Borosilicate glass 960 ± 190 0.84 ± 0.14 1.89 ± 0.18 8.6 ± 5.4 
Soda-lime glass 590 ± 130 0.70 ± 0.06 1.65 ± 0.04 3.9 ± 0.9 
 
Table 5.3 P values of T-Test between selenization configurations 
Test Efficiency Data Voc Data Jsc Data Fill Factor Data 
None vs. 
BSG 0.03 0.00 0.96 0.00 
None vs. 
SLG 0.004 0.00 0.04 0.00 









J0 (mA/cm2) * 103 
Data 
None vs. 
BSG 0.20 0.00 0.03 0.38 
None vs. 
SLG 0.003 0.03 0.41 0.02 
SLG vs. BSG 0.00 0.07 0.02 0.08 
 
In order to elucidate the cause for a low fill factor, the J-V and EQE characteristics of 





Figure 5.3 shows that without a shim, CZTS on CWG exhibits a slight kink in the J-V 
data, seen through the flattening of the curve between 0.2-0.45 V forward bias with 
accompanying low fill factor. A kink in low forward bias results from defect states 
localized at the device junction.80 There is a p+ layer at the absorber surface. 
 
Figure 5.3 Light J-V plot for CZTSSe devices 
When using no shim, the dark J-V data for the CZTS on CWG device, shown in Figure 
5.4, shows significant hysteresis between voltage sweep direction, indicating trap states 
within the device that saturate on the first sweep towards forward bias. During the J-V 
measurement, the ideality factor decreases from 2.11 ± 0.06 (sweeping towards forward 
bias) to 1.68 ± 0.06 (sweeping towards reverse bias). When n = 2, both holes and 
electrons are recombining, typically across the junction within the depletion region. An 
ideality factor above 2 indicates a high density of trap states, potentially due to metal-
semiconductor shunting 198. After injection of carriers during the initial forward bias 






Figure 5.4 Dark J-V data for CZTS on CWG with no shim (left), BSG shim (right), 
and SLG shim (bottom) 
The EQE of each device shown in Figure 5.5 shows that for the sample without a shim, 
there is a higher response in the low wavelength visible light with a peak around 590 nm 
with a quick drop at 600-610 nm. This EQE profile is indicative of localized trap states at 
the device junction forming p+ doping. The Urbach-tail energies calculated in The 
Urbach-tail energies calculated in Table 5.4 show a lower energy for the CWG without a 






Figure 5.5 EQE of CZTS on CWG using varying shims 
Table 5.4 Band gap energy and Urbach tail energy estimates for CZTSSe on CWG 
devices 
  Eg (eV) Eu (meV) 
No Shim 1.09 32.7 
BSG Shim 1.08 35.6 
SLG Shim 1.09 33.9 
 
This characteristic EQE profile along with the J-V data for the CZTS on CWG device 
provides evidence that devices processed without a shim contain defects at the junction 
interface. Formation of interface defects are attributed to the faster cooling rate of the 
CWG against the graphite box. Thus the configuration of CWG PV devices must be 
considered. 
 Cu2ZnSn(S,Se)4 PV devices on Corning® Willow® glass with aqueous NaCl doping 5.4
Since use of SLG shims did not provide enough sodium to improve device efficiency by 





of sodium doping was explored. Where the CIGSSe device fabrication process from 
nanoparticles includes a sodium chloride soaking step to further increase the extrinsic 
sodium content of the absorber film 34, the above mentioned CZTSSe fabrication process 
does not. In order to explore the effect of sodium doping on CZTSSe, 3 films were 
separately soaked in sodium chloride solutions with varying concentrations (1, 0.1, and 
0.001 M) for 10 minutes each. The films were then selenized with a glass shims to 
provide a high initial fill factor. The resulting photovoltaic device characteristics are 
shown in Figure 5.6.  
  
  






As a higher concentration of sodium chloride is used, the efficiency is decreased due to 
decreasing Voc and fill factor.  It has been shown that high concentrations of sodium in 
the absorber layer decrease device performance and will reduce large grain sintering due 
to solute drag from phase segregated NaCl 190. As shown in Figure 5.7, NaCl doping the 
CZTS nanoparticle film prior to selenization decreases the thickness of the fine-grain 
layer from 200 nm to 100 nm by increasing liquid assisted sintering at grain boundaries.  
  
Figure 5.7 Cross-section SEM of CZTS thin films on Corning® Willow® Glass 
without NaCl (aq) treatment (left) and with 0.1 M NaCl(aq) treatment (right) 
Though the proportion of sintered grains increased, the efficiencies of NaCl treated 
devices were lower. The amount of sodium necessary for achieving the largest crystalline 
domains is higher than the optimal amount for device performance 190,199. There are 
several explanations for poorer electrical performance: sodium accumulating at the 
remaining grain boundaries may surpass passivation of electronic trap states and begin 
contributing fixed charges which increases non-radiative recombination 199. Alternatively, 
Cl- from the NaCl soaked films may dope the absorber and introduce electronic states 





carriers, reducing device performance.  To determine if recombination was increasing for 
higher NaCl concentrations, shunt resistance (Rsh), series resistance (Rs), ideality factor, 
and the dark-saturation current density (J0) were calculated from the current-voltage data 
and the results are plotted in Figure 5.8. 
  
 
Figure 5.8 J-V characteristics for varying NaCl treatment on CZTSSe PV devices 
For increasing NaCl concentration treatments, shunt resistance is decreased as ideality 
factor and J0 increase, which confirms an increase of non-radiative recombination 





experiments, we conclude that soaking CZTS in aqueous NaCl within the concentration 
range used here is not beneficial for device performance as is the case with CIGSSe. 
Though NaCl soaking decreased device performance, a solution processed CZTSSe on 
CWG device J-V curve is shown in Figure 5.9 with its corresponding device 
characteristics. This record device with 6.5% PCE surpasses the current record of 3.08% 
efficiency reported for a sputtered CZTS on CWG device 200. 
 
Figure 5.9 Record CZTSSe on CWG PV cell with J-V Characteristics  
 Cu2ZnSn(S,Se)4 PV devices on Corning® Willow® Glass PV Devices with NaF 5.5
doping 
In order to improve device performance with sodium, an alternative to aqueous NaCl 
treatments was explored. Sodium fluoride doping of absorber films has been shown to 
increase the open circuit voltage 189,190,201. NaF films were electron beam deposited on 
coated CZTS films prior to selenization, and the films were selenized on borosilicate 
shims to improve fill factor as well as film sintering. Cross-section SEM of films with 10 
nm and 25 nm NaF are shown in Figure 5.10. Comparison of the cross-sections with 







Figure 5.10 SEM cross-section of CZTSSe with 10 nm (left) and 25 nm NaF (right) 
 The average J-V characteristics are summarized in Table 5.5 with a plot of efficiency 
and Voc in Figure 5.11. Incorporation of sodium into the film increased open circuit 
voltage and produced a record 6.86% efficient device, shown in Figure 5.12. Though 
selenization of CZTS with 10 nm of NaF was able to produce a higher record efficiency 
with independent increases in both Voc and Jsc, the device shows on average higher 
ideality factor, higher dark saturation current, and lower shunt resistance which 
contribute to the lower fill factor. The device with 25 nm NaF doping produces a higher 





Table 5.5 Average CZTSSe on CWG J-V Device Characteristics with varying NaF 
NaF Thickness 





0 6.2 ± 0.3 0.348 ± 0.003 29.7 ± 0.7 59.8 ± 1.2 
10 6.4 ± 0.4 0.366 ± 0.008 30.7 ± 1.0 56.9 ± 1.0 
25 6.3 ± 0.3 0.364 ± 0.007 28.9 ± 0.6 59.5 ± 0.7 







Data n data 
J0 (Ω/cm2) 
* 103 Data 
0 810 ± 150 0.75 ± 0.09 1.65 ± 0.17 3.0 ± 2.0 
10 570 ± 150 0.64 ± 0.11 1.95 ± 0.17 7.8 ± 5.7 
25 1700 ± 500 0.77 ± 0.11 1.67 ± 0.08 1.3 ± 0.3 
40 790 ± 420 0.69 ± 0.08 1.74 ± 0.04 3.8 ± 1.8 
 
  






Figure 5.12 Record CZTSSe + 10 nm NaF on CWG PV cell with J-V Characteristics  
The record J-V CZTSSe curve shows strong cross-over between the light and dark 
curves. For CZTSSe, this indicates a low built in potential resulting from voltage 
dependent carrier collection, potentially due to a depleted emitter.80,202  
 Cu(In,Ga)(S,Se)2 PV devices on Corning® Willow® Glass 5.6
In the first CZTS on CWG study, shims were used to determine the effect of co-
processing with sodium containing SLG as well as sample height. As the CIGS 
fabrication process includes sodium and potassium doping, an alternative method to tube-
furnace selenizing CIGS nanoparticle films was explored. In comparison to selenizing 
CIGS on CWG with the configuration Figure 5.1a, a RTP furnace with selenium held at 
550°C upstream of the CIGS on CWG at 500°C was used to anneal the sample for 40 
minutes. Cross-section SEM of the samples in Figure 5.13 show decreased sintering with 
a larger fine-grain layer when using RTP selenization; however, the average J-V 







Figure 5.13 SEM cross-sections of CIGS on CWG selenized with the tube furnace 
(left) and RTP (right) 
Table 5.6 Average PV Device Characteristics of CIGS on Corning® Willow® Glass 
fabricated with varying selenization methods 
Selenization Method Efficiency (%) Voc (V) Jsc (mA/cm2) Fill Factor (%) 
Tube Furnace 4.0 ± 0.6 0.40 ± 0.04 26.9 ± 1.1 37.8 ± 2.2 
RTP 6.9 ± 0.6 0.48 ± 0.02 26.5 ± 2.2 55.0 ± 3.3 
 
Note that although the Jsc are statistically similar, the device EQE shown in Figure 5.14 
indicates a lower Jsc for the RTP device, which occurs for smaller sintered layers. 
Integration of the record device EQE yields a decrease in Jsc from 28 mA/cm2 to 25 
mA/cm2, which is compensated for by an increase in Voc and fill factor with the RTP 
selenization. The quantum yield for the RTP device is higher in the blue region, which is 






Figure 5.14 CIGSSe on CWG EQE 
RTP selenization of the CIGSSe absorber film on CWG improves device efficiency 
through an increase in fill factor as well as open circuit voltage. With CZTSSe, a low fill 
factor resulted from processing without shims, increasing recombination at the junction. 
The dark J-V data in Figure 5.15 demonstrates that CIGSSe experiences similar effects – 
the tube furnace processed devices show hysteresis in forward bias where the initial 
sweep restores the quality of the diode. The tube furnace processed devices have 
significantly lower shunt resistances (63 ± 25 Ω∙cm2) than the RTP processed devices 






Figure 5.15 Dark J-V data for CIGSSe on CWG selenized in a tube furnace (left) 
and RTP (right) 
The heavy shunting lowers the fill factor as well as Voc. The light J-V curve for CIGSSe 
on CWG in Figure 5.16 shows the effect of high shunt current when processing with the 
tube furnace. Also, in forward bias, the J-V curve flattens, similar to the CZTSSe devices 
with no shims in Figure 5.3. 
 
Figure 5.16 Light J-V plot for CIGSSe devices 
Though the RTP process allows for an increased flux of selenium by independently 





flowrate ensures that no selenium condenses on the sample during cool down. Improved 
device performance with a tube furnace selenization requires the use of a shim to raise 
the sample. Alternatively, RTP processing is a viable alternative that gives greater control 
over the selenization of CWG solar absorber films, and is able to produce devices with a 
record PCE of 8.1%, shown in Figure5.17. The J-V data for the record device shows a 
strong cross-over near 0.6 V, which corresponds to a low built in voltage, which occurs 
from trap induced conduction band offset.202,203 
 
Figure 5.17 Record J-V curve for CIGSSe on CWG device 
Further improvements to CIGSSe devices on CWG will result from optimization of the 
CIGSSe absorber layer crystallinity. 
 Corning® Willow® Glass Summary 5.7
The use of Corning® Willow® glass (CWG) allows for the necessary high temperature 
selenization of CZTS and CIGS nanoparticle films while providing the ability to deposit 
optimized molybdenum back contacts and allowing fabrication of PV devices at high 





were coated on thin and flexible CWG and fabricated into photovoltaic devices at lab 
scale to determine their solar performance. Initial experiments sought to determine the 
effect of co-processing CZTS on CWG with sodium containing SLG, while also 
determining the effect of using glass shims to emulate sample height. It was found that 
processing CZTSSe on CWG with SLG shims improves device efficiency from 5.29 ± 
0.14%. to 5.62 ± 0.18% with a 6.1% record and reduced the fine grain layer thickness 
from 150 to 100 nm. Though processing with BSG shims reduced sintering, selenizing 
the CZTS on CWG with a BSG shim led to an increase in PCE from 5.29 ± 0.14% to 
5.73 ± 0.38% PCE. The lower efficiencies without shims are due to a low fill factor 
which is attributed to defect states formed at the junction, likely due to the faster cooling 
rate of the thinner glass.  
Though aqueous sodium chloride treatments have been shown to improve nanoparticle 
based CIGSSe PV device performance, soaking CZTS nanoparticle absorber films in 
varying concentrations of NaCl demonstrated decreased device efficiencies. It was found 
that increasing sodium concentration decreased device performance. Deposition of NaF 
films on CZTS nanoparticle films prior to selenization increased Voc significantly, 
increasing the average device efficiency to 6.39 ± 0.39%.  
Rapid thermal process (RTP) selenization is a viable alternative to processing CWG 
devices. For nanoparticle based CIGSSe on Corning® Willow® Glass (CWG), it was 
found that rapid-thermal processing increased average total area PCE from 4.0 ± 0.6% to 
6.9 ± 0.6%. The increase device performance is attributed reduced shunt current which 





Though record efficiencies of 6.9% and 8.1% have been produced on flexible CZTSSe 
and CIGSSe with the CWG substrates, further research in alkali doping and improving  






 CONCLUSIONS, SUMMARIZATIONS, AND FUTURE WORK CHAPTER 6
CZTSSe is an ideal solar absorber that can be solution processed from carbon free 
nanoparticles upon ligand exchange. The work in this preliminary exam is of one goal – 
to reduce the overall cost of quaternary chalcogenide nanoparticle films, focusing on 
CZTS as a means to understand the coarsening and selenization reactions. Though only 
the selenization of CZTS nanoparticles has produced coarsened grains with high solar 
absorber performance, it was found that coarsening can be induced in CZTSe from the 
crystallization nuclei of CZTS during selenization. The coarsening phenomenon 
continues to occur at the surface of the film, and is attributed to the decomposition and 
selenization of binary/ternary moieties of CZTS. 
By depositing a thin 10 nm copper layer on top of the CZTS and CZTSe films, it was 
possible to affect the final film morphology, creating larger grains on the surface of the 
film. This is potentially due to creation of Cu-Se coarsening centers in situ at 500°C. 
Lastly, an attempt to deduce whether a partially selenized film would continue to coarsen 
in a split-selenization study found that the partially selenized film will continue to 
coarsen. Furthermore, it was discovered that 5 minute selenized film would reach a 
temperature of 450°C, thus providing a lower vapor pressure of selenium. This lower 
vapor pressure was hypothesized to form coarsening nuclei preferentially at the surface of 





fine-grain layer was attributed to the re-addition of selenium. Based on these data, it is 
recommended that study of selenization in a system that can independently control 
selenium and sample temperatures independently be used to determine new effects to 
improve the final film morphology. It is hypothesized that controlling the selenium vapor 
pressure independent of the sample temperature can improve densification and 
coarsening, leading to higher solar efficiencies. 
Current research has shown that CZTSSe films can be produced without carbon via 
benign solvent ligand exchange. The selenized films still contain fine-grain masses; 
however these portions of the film are CZTSe in composition – not carbon and selenium 
rich as found in selenized CZTS-OLA films. In lieu of this data and the observation that 
CZTSe does not coarsen upon selenization, it is hypothesized that the kinetics of 
selenization are much more rapid due to the smaller and more volatile sulfide ligand. 
Ligand exchange of the CZTS nanoparticles will continue as the selenization conditions 
are tuned to produce a fully coarsened solar absorber. 
CFTS nanoparticles were successfully synthesized. The replacement of zinc with iron 
which is more abundant will reduce materials cost further and eliminate the current 
intrinsic defects associated with zinc. Selenization of CFTS successfully produced large 
micron sized grains, but suffered from a loss of tin. The selenization temperature will be 
experimentally varied to reduce tin loss and improve the absorber quality. Potential 
addition of SnSe2 to the graphite box upon selenization is proposed to inhibit 
volatilization of tin from the film in order to achieve the desired absorber composition.18 
This new material also provides a unique opportunity to study the photo-activity of 





The final approach of decreasing solar costs, which will benefit other inorganic thin 
films, is the adaptation of thin and flexible Corning Willow® glass for fabrication of our 
current lab-scale CZTSSe devices. The thin and flexible glass allows for reduced material 
costs as well as lower installation costs due to its light weight, flexibility, and amenable 
form factor. New methods of introducing sodium doping to increase open circuit voltage, 
device efficiency, and grain size will be developed in the future. 
It is the primary goal of this research that through understanding and tuning the 
coarsening/selenization reactions, removing carbon contamination from the solar 
absorber, developing a new chalcogenide materials, and adapting flexible Corning® 
Willow® glass for device fabrication, a set of tools has been established that will have 
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Appendix A Ligand Exchange for Lithium–Selenium Batteries 
In Chapter 3, ligand exchange was explored as a method to remove carbon from CZTSSe 
absorber films. It was found that ligand exchange can tune the surface properties and 
chemical nature of nanoparticles, which has broader application, such as in solution 
processing solid state batteries. Transition metals have been used to encapsulate lithium 
sulfide cathode materials to improve capacity.204 Due to solubility of sulfides, selenium 
has been used as a second generation cathode material.205 With nanoparticle synthesis of 
selenium and ligand exchange, higher capacity batteries may be fabricated. 
The synthesis method used here is adapted from B. Walker.206 To synthesize selenium 
nanoparticles, 500 mg of ~100 mesh selenium powder (Sigma-Aldrich, 99.99%) was 
measured into a 100 mL single-neck flask. The selenium was then dissolved to a 
concentration of 0.75 M with 75% by volume oleylamine (Acros Organics, 80-90%) and 
25% by volume ethanethiol (Sigma-Aldrich, 97%) in an inert environment glovebox. 
Appropriate head space was left to ensure that vacuum may be pulled. The flask was fit 
with a condenser, which was attached to a valve. With the valve closed, the flask was 
removed from the glove-box and attached to the vacuum on a Schlenk line with a cold 
trap installed before the pump, downstream. The valve was opened and the more volatile 
thiol was evaporated, condensing in the cold trap to be removed later. Slight heat may be 
applied to hasten evaporation. After 1-2 hours of pulling vacuum on the selenium 
solution, the valve was closed. Without exposing the solution to air, the selenium was 
transferred to an inert glovebox environment and decanted into ~100 mL of hexane, 




solution was split between two Teflon centrifuge tubes and ~30 mL of methanol was 
added as an antisolvent. The mixture was centrifuged for 5 minutes at 14,000 rpm, and 
supernatant was discarded. This process was repeated until all solution was used. 10 mL 
of hexane was used to disperse one of the centrifuge tube contents to combine with the 
other aliquot of selenium nanoparticles. Methanol was added in a final washing step. 
After centrifuging the selenium nanoparticle product, the supernatant is disposed and the 
nanoparticles are dried under dry nitrogen. 
For use in batteries, the oleylamine ligands must be removed from the selenium 
nanoparticles to allow for reaction with lithium. The first method used was a simple wash 
with hydrazine. Anhydrous hydrazine (Sigma-Aldrich, 98%) was diluted in ethanol to a 
volume ratio of 10:1. Selenium nanoparticles are fully dispersed in toluene to a 
concentration of ~15 mg/mL. Per 30 mL of selenium in toluene, 10 mL of dilute 
hydrazine was added until the particles begin to precipitate. The solution was centrifuged 
and the clear supernatant was removed. Selenium nanoparticles were finished with 
washing and centrifuging with ethanol and then dried under dry nitrogen.  
The second method of removing carbon involves the ligand exchange of selenium 
nanoparticles with lithium sulfide (Li2S, Sigma-Aldrich). Because formamide and NMF 
dissolve selenium in the presence of sulfur provided from the Li2S, DMF was used as the 
polar phase dispersant. A stock solution of 0.1 M solution of Li2S in water was prepared. 
In a centrifuge tube, selenium nanoparticles were dispersed in hexane to a concentration 
of 20 mg/mL. An equal volume of DMF was added along with 3 µL of Li2S stock 
solution per 10 mL DMF. The mixture was sonicated for 60 minutes to complete the 




nanoparticles upon centrifugation for 1 minute at 14,000 rpm. The resulting black floc of 
selenium nanoparticles was dispersed in water for solution processing. 
The GIXRD pattern for a selenium nanoparticle film in Figure A.1 shows a direct 
crystallographic match for pure gamma selenium, space group P3121. Application of 
Scherrer equation to the 100 crystallographic plane of γ-Se with FWHM = 0.199°, 
K~0.94, λCu K-alpha = 0.154 nm, and instrumental line broadening ~ 0.055° estimates a 
crystalline domain size of ~40 nm. 
 
Figure A.1 GIXRD of selenium nanoparticles 
The battery electrode was fabricated by using a constant speed doctor blade assisted 




lithium conductive carbon black additive, and 10% polyvinylidene fluoride (KYNAR 
HSV 900), was homogeneously mixed using a propylene mixing cup and alumina mixing 
balls (MTI Corp., 4x 6 mm diameter, 2x 10 mm dia.) within a planetary mixer (THINKY 
AR-100) at a constant speed of 8000 rpm for ~15 minutes. After mixing, the slurry was 
coated onto an aluminum foil current collector by doctor blade coating. The resulting 
thin-film lamination was subsequently dried within a vacuum oven at 80°C and -0.1 
mPag overnight. Battery electrodes were cut from the thin-film lamination using a ½” 
diameter arch punch and assembled into research scale half cells within a high-purity 
inert atmosphere glovebox. The half cells were assembled with stainless steel CR2032-
type coin cell casings; electrolyte of co-solvents ethylene carbonate, dimethyl carbonate, 
and diethyl carbonate, (1:1:1 in volume) and lithium hexafluorophosphate (LiPF6, 1 M 
concentration) and separator of propylene (CELGARD, 2500). Fabricated batteries were 
cycled using a BTS-2000 Arbin battery cycler using galvanostatic current cycling 
programs (50, 100, 200, and 400 mA/g rates).  
The initial capacity data is shown in Figure A.2. The cycling rates were varied after every 
7 cycles. Though there is hysteresis when shifting back to a slow cycle rate of 40 mA/g, 
initial results show a specific discharge capacity of 350-450 mAh/g selenium, which is 
higher than what is reported in literature.205 The higher capacity is attributed to the 






Figure A.2 Specific capacity for selenium nanoparticle battery with varying cycle 
rates 
The corresponding voltage-capacity is shown in Figure A.3. Early cycles show hysteresis 
at high voltages which indicate potential intercalation of the LiPF6 electrolyte. By 
limiting the voltage during scanning, high capacity without breaking down the battery 
can be achieved. These initial results show the promise for selenium nanoparticle based 
batteries. 
 




Appendix B Surface Sulfurization 
Selenization of CZTS nanoparticles produces the necessary microstructure needed to 
achieve high device efficiencies. However, high efficiency may be achieved by 
increasing the CZTSSe conduction band at the junction interface with respect to n-type 
Cd-S, eliminating the cliff-like band alignment. One method to achieve a higher 
conduction band is to increase the sulfur content of CZTSe at the surface. Literature 
reports that diammonium sulfide sulfurizes transition metal surfaces and can be used as 
an etchant to replace KCN.139,207 It is suggested that DAS be used to achieve the desired 
surface sulfurization. Alternatively, one may anneal the film in sulfur shortly to increase 
the sulfur content in a thin layer at the surface of the film. Figure B.1 shows the resulting 
record devices for a standard CZTSSe film with comparable devices exposed to sulfur for 
60 seconds at varying temperatures. It was observed that higher temperature sulfur 
treatment leads to a kink in the IV curve, which is characteristic of impurity trap states at 
the junction.80 This kink indicates the formation of defects at the junction interface. The 
conversion of selenium rich CZTSSe to more sulfur rich CZTSSe with a post anneal in 
sulfur results in the breaking of metal bonds in the surface grains, resulting in a highly 
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